UNCLASSIFIED

AD NUMBER

AD831711

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; JAN 1968. Other requests shall
be referred to Air Force Flight Dynamics
Lab., Wright-Patterson AFB, OH 45433.

AUTHORITY

AFFDL 1ltr, 25 Jun 1971

THIS PAGE IS UNCLASSIFIED




AFF ~TR-67-
yoed FFDL-TR-67-184

-
(A
yo
™
a0
=
<<

ANALYTICAL DESIGN METHGDS
FOR
AIRCRAFT STRUCTURAL JOINTS

W. F. McCOMBS, ]. C. McQUEEN
J. L. PERRY

VOUGHT AERONAUTICS DIVISION
LTV AEROSPACE CORPORATION
DALLAS, TEXAS

TECHNICAL REPORT AFFDL-TR-67-184

JANUARY 10968

This document is subject to special export controls and each transmittal
to forcign governments or foreign nationals may be made only with prior

approval of the Air Force Fli¢ht Dynamics Laboratory (AFFDL),
Wright-Patterson Air Force Base, Ohio 45433.

AIR FORCE FLIGHT DYNAMICS LABORATORY
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

234




Soazs e -

NOTICE

When Government drawings, specifications, or other data are used for any purpose
other than in connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the Government may have formulated, furnished, or in
any way supplicd the said drawings, specifications, or other data, is not to be regarded /
by implication or otherwise as in any manacr licensing the holder or any other person
or corporation, or conveying any rights or permission to manufacture, use, or sell any
patented Invention that may in any way be related thercto,

s

e e e o

T

G -

Copies of this report should not be returned unless return is required by security
considerations, contractual obligations, or notice on a specific document,

400 - April 1968 - CO455 - 31-052




s |
! :
{ {
: |
! é
1
!
ANALYTICAL DESIGN METHODS
FOR y
AIRCRAFT STRUCTURAL JOINTS
W. F. McCOMBS |
. J. C. McQUEEN

J. L. PERRY

This document is subject to special export controls and each transmittal
to foreign govern.ments or foreign nationals may be made only with prior
approval of the Air Force Flight Dynamics Laboratory (AFFDL),
Wright-Patterson Air Force Base, Ohio 45433,

-
-

- O el
et " .o
AR SRLT b L

B N i




o w e it P s bt &

FOREWORD
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Investigator., Technical assistance was provided by
Mr. J. C. McQueen who developed the computer routines.
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ABSTRACT

An -engineering procedure for determining the distribution
of loads in the mechanically fastened joints of splice and doubler
installations has been developed. Methods for both hand analyses
and computer analyses are presented. Routines for solution by
digital computer are provided.

The methods are generally limited to the cases of a single
lap arrangement and a single sandwich arrangement, but the cage of
multiple (stacked) members is discussed. The members may have any
form of taper or steps and the effects of fastener-hole clearance, :
or "slop", and plasticity can be accounted for. The particular
primary data that must be supplied but which are not generally
available in the literature are the spring constants of the
fastener-sheet combinations,

A test program has been carried out to substantiate the
methods and the results are iancluded.

This abstract is subject to special export controls and each
transmittal to foreign govermments or foreign nationals may be made only
with prior approval of Air Force Flight Dynamics Leboratory (FDIR),
Wright-Patteraon Air Force Base, Ohio 45433,
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NOMENCLATURE, SYMBOLS AND DEFINITIONS
A area of a cross-section
B a ratio of two thicknesses
c constant of integration
D designation for an axial member, either s doudbler or the upper
member in a splice; alsoc used to designate a hole diameter
A medulus of elasticlity
e natural logarithm base; also designates an eccentricity
< a tensile stress
fo a campressive stress
b 8 a shear stress
F an allowable stress
G modulus of elasticity in shear
h dimension involving thicknesses of axial members and the bond
k spring constant of a member or of a fastened joint

X, the "secondary spring constant of a fastened joint obtained in
unloading or reloading the joint.

L the length of a member, or of an element of a member

m a subscript referring to the number of a set of cslzulations
within a larger set,

‘ n a subscript referring to the number of a member or of a calculated
value
P fastener spacing (or “"pitch")
P internal ioad
‘ q internal shear flow
[ Qg applied shear flow
g Q applied axial load
r a ratio of loads




R an external reaction .

s designation for a base structure member, or the lower member in ‘,
a splice

t & thickness

T a tension or compression load in a direction normal to the

applied axial loads.
U strain energy
v normal running load (1bs/in.)

W width of an axially loaded member

i

f

H

%

i X coordinate inu the direction of the axial load

; z coordinate normal to x (or “vertical')

f § the total strain in s member (or in an element of a member) or in a
34: fastened joint; referred to as the "deflection" in a fastened
| Joint

g A an increment

3 A Poisson's ratio

g Ac the initial clearance or "slop" in & fastened joint.

|
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SECTION I

INTRODUCTION

I.1 GENERAL

There are numerous occesions both in the design stages and
in the service life of aerospace vehicles when it may be desirsble to
use either splices or doublers (reinforcing members) having many rows
of fasteners in the direction of the applied loading. The proper, or
the optimum, arrangement of such members requires a definition of the
loads transferred by the various fasteners. To be practical this
definition of loads must also reasonably account for possible fastener-
hole clearance (or "slop") and for loadings that carry the joints into
the plastic range, Once defined, the fastener loads can be uged to
agsess the structure for adequacy under any general criteria, That is,
where a stipulated fatigue life is a requirement the local fastener
bearing stresses on the members must be smell enough so as not to re-
sult in an unacceptable fatigue life limitation., And, where yielding
and/or ultimate strength are the criteria, the fastener loads must be
small enough that these are satisfied., Finally, any such methods of
analysis should be useable for a hand analysis of specific structures.
That is, even though a computer progrem is available and even though
some "idealization" of the structure may be necessary, the advantages
of hand analvseés can be numerous in many instances.

I.2 LITERATURE SURVEY

A considereble number of published papers, reports end text-
books containing discussions related to the subject of this report have
been reviewed. These are listed in the Bibliography. Those which
appear to be most pertinent for this effort are listed as References
and are referred to in the applicable section of this report. In
general it was found that most discussions were for spliced members
having a bonded joint, a few were for spliced members with bolted
or riveted joints, but none were found for the case of the installation
of a doubler, Where outlined, most methods were limited to the elastic
range, the members and attachments were uniform (no taper or steps),
the effect of fastener-hole clearance was not included and, importantly,
no significant data defining the stiffnesses (or the "spring constants")
of the fastener-sheet joints appears to be in the literature. Swummari-
zing, the present literature does not appear to provide the engineer
with suitable general methods and data necessary for proceeding with
the analyses of doubler and splice installations having mechanically
fastened joints. A brief description of these references follows.

Reference (1) msakes use of & large rubber analog (model) for
measuring and actually observing, by marked grid-lines, the displace-
ments taking place in a cemented and in a riveted joint. The report
is interesting in that it gives a betier insight as to the physical
manner in which such joints actually deform. A theoretical analysis

e e e - s a I
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for a cemented joint is presented and the results obtained by using it
were verified from tests of the model. The tension forces across the
joint, as well as the shear distribution were discussed., No qualita-
tive data or methods were presented, however, that could be used
directly for predicting the load distribution in a mechanically
fastened joint. The analysis presented uses the elementary theory and
ig for the lap splice only. The effects of fastener "slop" and
plasticity are not included.

Reference (3) is generally referred to as the "exact"
enalysis of a bonded lap splice. Equations are developed for the
shearing and "tearing" (tension) stresses in the bond., The equations
are quite lengthy and involve hyperbolic functions. The extreme cases
of a relatively flexible bond and of a "rigid" bond are evaluated. '
The members are uniform (no taper). The results are of interest pri-
marily for the case of short bonded lap splices, rather than for
mechanically fastened joints,

Reference (4) discusses the analogy between the distribution
of current in a lalder-type resistance network and the distribution of
loads in & bolted joint (and also in stiffened panels), A simple
"computer" consisting of varisble resistors and a constant current
source was described. It s use was shown to give a very rapid
determination of bolt loads with an accuracy quite acceptable for eng-
ineering design. Such a simple computer would be especially useful
where long joints are involved and also where unsymmetrical structural
arrangements are present, It would also serve to define load distri-
butions in stiffened panels where shear-lag effects are present.

Reference (5) presents (as part of a larger effort) a com-
puter program for the determination of fastener loads in a splice
having nultiple axial members. The program is based upon the element-
ary theory and arrives at the fastener loads by solving simultaneous
equations, Hence, it is not useful for hand analyses. This reference
is discussed further in Section IV,

Reference (6) is the first major effort published by the

NACA on the subject. Only the symmetrical case is discussed, however,
An equation for determining the spring constants of bolts in double
shear and in the elustic range is presented. The method consists of
using an equation developed for the load relationship between adjacent
fasteners to obtain the loads in all of the fasteners in the elastic
range. Hence, as presented, the method is restricted to bolted sym-
metrical butt joints in ihe ¢lasti ~znge. No consideration is given
to unsymmetrical arrangements, bol .iole clearance, or stresses above
the elastic range., Tests wire cariied out which verified the results
of the method.

Reference {7) is an extension of the eaxlier work in Refer-
ence (6). It consists essentially of developing a 'recurrence formula"
which can be used, with the appropriatc toundary conditions, to rapidly




write simultaneous equations for the bolt loads. Then, to avoid the
solution of simultaneous equations, & method of solution by a finite-
difference equation is presented for uniform bolt size and spacing.

This enables the direct solution of each bolt load to be obtained. The
analogy between the bolted joint problem and the shear lag problem was
mentioned and the shear-lag eguation for single-stringer structures
(NACA Report 608) wes used to obtain the individuel bolt loads. The
main advantage of this method over the earlier effort is a saving of
computational labor when a long joint with many fasteners is involved.
It, too, is restricted to bolted symmetrical butt joints in the el~stic
range and also to uniform bolt size & spacing for the special techniques.
Tegts were carried out which verified the results obtained by the calcu-
lations,

I.3 SCOPE AND APFLICATIONS

The purpose of this effort is to provide the engineer with
useable methods for determining the load distributions in any practical
structural splice or doubler arrangement. The methods are generally
restricted to a single lap or to & single sandwich (3 axial members)
but it is believed that this covers the mejority of practical cases
1likely to be encountered. The effects of both fastener hole clearance
("slop") and plasticity can be accounted for. The load distributions
can be calculated either by hand snalyses or by using either a digital
or an analog computer There are two types of hand analyses. One type
(Method 1) uses theoretical formulas that are strictly applicsble only
for the case of uniform members in the elsetic range and does not sc-
count for fastener-hole clearance, The other type of hand analysis
(Method 2) is a numerical procedure and hence applies to any case since
] the effects of taper, fastener-hole clearance and plasticity are ac-
counted for. The results of a test program carried out to assist in
defining parameters and to substantiate the method are presented.

S AATEY, LA e g A S it M b e e

The use of splices in aerospace vehicle structures iz well
known. It is accepted as "good design practice" to use a minimun
) number of rows of attachments in designing splices, but there are
1 occasions when such practice cannot be cbserved and many rows are re-
quired. It is in these cases, particularly, that an accurate determin-
ation of the individual fastener loads is necessary.

The use of doublers in uerospace vehicle structures would
possibly be made for any of several general purposes which are

& . Reinforcement for strength purposes in order to
(1) strengthen an existing structure
(2) salvage a damaged area

(3) strengthen an axially losded member having a "cut-
out"

.- C o oo S T




In any case the possibility of a limitation in fatigue
life due to such a doubler iastallation should be consid-
ered as a possible unacceptable limitation. If this is
no problem, then either a yielding or strengtn capability
is the main criteria.

b. Reinforcement for fatigue purposes in order to.
(1) increase the life of an existing design

(2) properly salvage a damaged structure from a service
life consideration.

(3) salvage a "fatigue damaged" structure (i.e, where,
fatigue damage has been accumulated too rapidly in a
perticular vehicle or group of vehicles)

¢+ Reinforcement for stiffness purposes which should include
a consideration of a possible fatigue life limitation.

d, Although not necessarily intended as such, any member at-
tached to an axially loaded structure will act as a
doubler, picking up load. In such cases an investigation
of possible harmful effects on fatigue life is sometimes
desirable or necessary.

e. An gdditional application of the method is in investiga-
ting the possible consequences of ending a member, such
ags a stringer, that is attached to a skin or sheet,
Occasionally such practice may be desirable from the
manufacturing or salvage standpoint, and any possible
harmful consequence will require analysis,

Summarizing, it is believed that this report provides the
engineer with practical methods for proceeding with the analyses of
mechanically fastened joints. The fastener data necessary for such
analyses are discussed and some typical data are presented.




SECTION IT

METHOD 1 - ANALYSIS BY THEORETICAL FORMULAS

~ we—ar

II.1 INTRODUCTION

The purpose of this section is to present the development of
' Yormulas that can be ugsed to predict load distributions in various
splice and doubler configurations, The formulas will give approximate
predictions since they are obtained from elementary principles and
simplifying assumptions, However, they are useful for making engineer-
ing estimates for the cases to which they apply. It appears that any
attempt to use other than an elementary approach results in expressions
that are not of a useable form for design purpcses. Also, the avail-
able data for thé installed fasteners does not warrant such a refine- ;
ment in analysis at present. (Such is not the case for bonded joints, -
however, where some provision in analysis must be nade to account for
the tension stresses in the bond at the ends of the Jjoint. This
particular stress is not accounted for by the elementary theory).
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Although the numerical methods of Section III are the ones
& thet will actually be used by the engineer in nearly all practical ",
cases, it appears to be quite helpful for him to have an understanding
of the elementary theory including its limitations and appiicability.
This is presented in Section 1T,
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} II.2 ELEMENTARY THEORY
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! The following anslysis is based on several specific assump- .
! tions. Referring to Figure II.l wl.ich represents a doubler installation: DA

J
! I

J' J—ﬁ—ﬁf« ~2 | @jbl‘iﬁﬁn,:’

() O e O A
: Lze ™% ~S Zs t;-_—‘ D, g
SINGLE IAP TYPE SINGLE SANDWICH TYPE '
(a) (v)

Figure If.l. Types of Doubler Installations Analyzed

. There are only 2 joint configurations to which the
analysis applies

(1) a single lap as in Fig, II.la

(2) a single sandwich as in Fig. II.1lb

(The same would apply to svlice ronfigurations)
b. All stresses are in the elastic range,.
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c. The axial members, S and D are each of uniform size, no
taper or steps.

d. The axial members are subject only to uniform axial stress
(no bending stresses). Bending effects are discussed in
Section VI *,

e, The fasteners are of a uniform size and are at a uniform
spacing, p.

f. The fasteners have a spring constant in shear, ks, obtain-
from experimental load-deflection data for particular
sheet thickness, tg and tp. These are discussed in Section
VII. These discrete spring constants can be replaced by
an "equivalent bond" having a shearing spring constant per
inch of length given by

o= L=
7
where p is the fastener spacing.

A sandwich configuration as in Fig. II.lb can then be analyzed
in the same manner as the configuration in Figure II.la by combining the
separate members Dj and Do into one member D (having their total cross-
sectional area) and using the spring constant, kp, that corresponds to
the actual double lap fastener sheet combination in determining the
value of k for the single bond.

Thus, an arrangement consisting of a base structure, S,
subjected to the applied axial load Q and having (either one or two)
doublers installed, as shown in Fig. 1I.2a, (and II.1b) can be analyzed
using the equivalent structure shown in Figure 1I.2b. Due to symmetry
the structure can be further simplified as shown in Figure II.Z2c.

* In Ref. 6 (Bolted Sardwich Splices) it is shown that the bending has
& negligible effect upon the distribution of fastener loads.
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Since an equivalent bond is being used, the results will of course also
apply to members which are actuslly bonded together.

As the member S stretches under the load Q the
member D will be caus‘* to stretch also, because of the common bond (or
the attachments), A d, P, will thus be developed in the member D,
varying from zero at the ends to a meximum at the centerline., At any
station the net load in the base structure will then be § less the load

in D.

Referring to Figure II.3, the load in the doubler at any
station, x, can be determined as follows, using the previously listed

assumptions.

x=0
b o ———— v e e — ....Z: —é ———
N 2
s e |
—>| »
> v [
@ HESERSRERANARIIH I RS I RARARRERIRSUIREHITIRRERN ﬁ
-3 S :
~ ez 1

Esrﬁf.
Figure II.3 One Half Of A Doubler Installation

From the minimal energy principle the variation of the load
P must be such as to result in a minimum of energy being stored in the
structure as a whole. There are, per the assumptions, three sources of
stored energy, 7' . These consist of axial strain energy in the members
D and S and shear strain energy in the bond, or

U=t + U * U
In differential form, for an element of length dx,
LU =L * ALY + A
vhere P"‘alz
AT = 2AEp
_Q-PYdz
4l = S As Es .
PV
L P (e (L) azx
8T 2K T 2kdz T 2A

‘
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Referring to the bracketed terms in Eq (1) and (2) as F, Eq.(2) becomes

4/
V.:\/ 2/5— 5[;& ———————————— (3>

P T P L A TP st AT
{
S,
(X

It is shown in the literature, Reference (2), that when F is ‘

a function of the varisbles P and dP/dx , the particular manner in .
which P must vary with x in order to minimize the integral as in Eq.(3) !
is defined by the equation i{'!
" / . “

Io A /0/: o S (4 ;
D 7 - AP - W/ ;

o g / (¢ f%,/ |

3

Eq. (4) is usually referred to as "Euler's Equation" E

5, Therefore in order to apply Equation (4) to Equation (2),
\ the derivatives are first obtained, from Equa.tion (2), as J
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Then, substituting these terms into Egquation (k)

/ / \_ @ _ 1422 A ______
'P(ASES +ADE»> Asks £ Az~ o (5>

Rearrenging terms

LEP (/ / ._:__/2__@_
Y 2e & /4555+/’»ED » As Es
e il

= L. - kA
where M= k(G ETAE,) nd T AgEs

The solution of (6) gives the doubler load P as a function of x

P=c,e™ %+ Cee'mx + 45 - (D

The constants C, and 02 are determined from the end conditions,
which are, for this case,

L aPl. -
ar =0, PO apd at 2 =5 » 57 =0
This rosults in
pr v L

(:: = - ;:::;:ZE;Z and ‘:g =C e

A R

Equation (8) thus defines the doubler load at any station x,

Hence

The shear flow, q, at any station, x, can then be obtained by
differentiating (8), giving *

)
7 ;% =\ ¢, (émz- I B (@

and in a similar manner the tension on the bond (normal to the applied
load) can be obtained at any station x except the end by differentiating
Bquation (9), and multiplying by the distance h, giving *

W= hdf = b1 ET ) e

where h is the distance between the centroid of D and the inner
surface of S as in Figure II.3.
The actual shear load, Pp, on a fastener at any station x can be ob-
tained as (approximately)

=5 P

* See Figure II.5

10




where p = fastener spacing

shear flow from Eq. (9)

i

9x

For %“he end fastener, however, the shear flow is usually changing so
rapidly that it is more accurate to use Eq., (8) with x = p to obtain

Ppp. That is, Ppy = Px=p - Px=0= Px=p

Although Equations(8) and (9) are somewhat lengthy, the de-
signer or anelyst using them would only be interested in calculating
the value of P at one station, at x = L/2, and in calculating the value
of the end fastener load. Hence, not a great deal of computational
labor is actually involved. And even this can be shortened by reducing
these particular equations to the approximate expressions

- N\
prig(/-7 %)

gefe™ @

which are sufficiently accurate for practical doubler installations,
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The larger the value of the parameter & , the more accurate are
Equations (11) and (12). Then for the end fastener, Pp :
P -V P ' \
5 = [ /-& ‘ _
]
The results for other loadings on a doubler installation are ;
summarized in Article II.6 ]
|
IT.3 ANALYSIS OF A SPLICE )
Proceeding in a similar menner for a single lap splice (or ’44
for a single sandwich splice as mentioned previously) as illustrated in ]
Figure II.lL, the same differential equation, Equation (6), and general
solution, Equation (7), are obtained

XE0
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Figure IT.h A Splice
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where, as before, P is the axial load in member D, In this case, however,
the end conditions are

At 220 FP=2 and at x=L, F=8

giving N ~VA7L
Q47 (1-¢ ) N
C;:= P and C :"'(?3 + A

The resulting equations are then

- -yA1 - ]
p= ¢ (2 5+ J (1-7F) e ()
- -ymx
;:'/h‘c,(em”*_emx)_}_y%eﬁ _______ [/‘,9
and as discussed for Eq. (10),
-+ = - 2;
w = hMC, (7%= E7F) N PF (8

These equations are somewhat lengthy, but, as discussed before, the de-
signer would only be interested in obtaining the value of the end fast-
ener load, (at the end of the larger member, S or D, where it is largest).
This can be arranged by letting D be the larger member, Hence, only very
little computatinnal labor is involved. Eguations (13)-(15) give the same
results as their counterparts in Reference (1).

. The results for other types of splices and splice loadings are
pregented in Article II.6. Although the various equations apply only to a
configuration having uniform members, they can be used in meking estimates
for other cases, This is discussed in Article IX.6. The main difficulty
in practice is obtaining the values of k, as discussed in Section V.
Example problems are presented at the end of this section.

Ik EXTENDED ELEMENTARY THEORY

The previous elementary analysis considered only axial strain
energy in the axiasl members and shear strain energy in the bond. The
resulting static balance for, say, the splice of Figure IX.4 is shown in
Figure II.5.
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Figure II.5 Static Equilibrium of a Splice

The reactions, w and R, (which must be supplied per the as-
sumptions) obviously will produce normal stresses in the bond which have
been ignored. That is, any tension or compression energy in the bond has
been assumed to be zero (or the bond is assumed infinitely rigid in this
normal direction, as are the members S and D). It is of interest to see
what the effect of including this energy would be on the final equations
for P, q and v, This will also demonstrate how refining the elementary
theory in even a simple manner results in expressions that are too in-
volved for practical useage. Also, the results will apply only to an

actual bonded (glued) joint rather than to a mechanically fastened one,
as discussed later,

This particular effect can be accounted for by adding a fourth
energy term to those of Equation (1), nsmely the normal force energy in the
bond (which is, in practice, far greater than that in the normal direc-
tion for the stiffer members, S and D). Comsidering a
small element dx es shown in Figure II.6,
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Figure II.6 Static Force Equilibrium of a Differential Element
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For static equilibrium of forces in the normal direction,
—-— ° / —
Fo'b = Fppar b ~ EE
bR Be)= AR = wdz
Fowaz F2)? A(H2)RX = #

The average normel load, T, in the bond can then be calculated as

7= Bwdx

oo Bt gt
A * % (tp*Ls)

when tpzts_) B=% and /=4 wlr

where

The tension energy in a differential element is then

ﬁ( U K: - 25;:(/2’/2;) ----------------------- oo
and since
i Ry -RLE
12 [ 2
L %a//a )ﬂlz ----------------------- (a7)
where

k' is the spring constant of the bond, in the normal direction;
per inch of length, or

W - Asls _ Wx/xbs _ Wx2l+4)&

where
W = width of the bond
G = shearing modulus of elasticity of bond

-/ = Poisson's ration

Adding the term, (17) to those in Equation (1)

1k
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v = JA LADFD+2ASES 2R dz) T 2R lé(za (19)
In thig_cease _the bracketed expression, F, is a function of P,

dP/dx and also J%Z. Hence, the "extended" form of Eulers Equation
must be used, This is (compare to Equetion (k%))

2F _a [8F\ . L5 F \N_ N - oo
e dz(yﬁ%} P d? (25%5)—0 (20

The higher order term in (20) is obtained by differentiating F
as indicated.

2£_, - B AP
> ! z%
752 VA4
-
22 (FE_\ . B°h AP
A2 g2, = TR A
Then, substituting this into Eq. (20) along with the other terms (as in
Equation (5)),

/N6 _ AP BEE Y L
P(’%ES "’DEa) Al RdE T TR A (2

and then

And, rearranging temrms,

LP A AP A (], L \po £EE
A2* TBIER Az T BERE AR T A E) T REEAE,

Ll - [ BL P = N ()
Where

\, V= 42

i £ ok (/ / _
4= Bk’ " ~Bafigcﬂsé+ Apfp/ ﬁa/fﬁsﬁ‘:
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Comparing (22) to (6) it is seen that there is now a fourth order term,
which considerably complicates the solution, and that the constants are
now affected by the stiffness of the bond in the normal direction, The
solution of (22) is

D, o2 px N’
¥+ C,eTTH Cye’ * o (23

/ L, 2

La/-* a

where = (A'*’VZ'R"%M}
=

/B

D= -2,

j~

—~
s
AY ]
I

2
_ (L= =M } -
Ly = (L f?, /7 Ly = _—2)3

Although genersl formulas cannot be written as in the previous
(elementary) cases, for any specific problem L', M' and N' and hence Dl--
D), are known. Thus, for a specific problem, a solution for P can be
obtained from (23). The expressions for q and w will then also be avail-
able (by successive differentiation of Eq (23)) as

2% D% D,x 0,2
j""ﬁ,é’,c + oG + D ChE * D Cy @24

1|2, Dz .2 Dx 2 D, x 2 DX [o)
w =/z[Z?,£,e L Ge " v D C, e’ D 0, et [

Since there are 4 constants, C, 4 boundary conditions are required to
define them. For the splice these are

@X=0,P=0 ; @x=0, q

]
o

[
o

@X=1,P=Q ; €x=1,q

or, for a symmetrical configuration

i -Q L Az _
al % ?’PZ ond al Z—Z)Z%/—-O

The use of these relationships is illustrated in the fcllowing example,

Example:

Determine the values of P, q and w for the sandwich type
splice shown in Figure II1,7a and consider the nommal forces in the bond,
The results will also apply to a single lap splice for the assumptions of
Art, II.1, that bending is prevented.
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Figure II.7 Idealization of a Splice Structure for Analysis

The splice of (a) is converted to the equivalent structure of (c) for
analysis., The following values are assumed for the structure:

. AsE 7
Apfp - 2 £ = ,030x%x/0
Bond is "Redux", having

Le=.0053") Gu= /00,000, W=/0" F=260000

hence p P
b= WG . 1.87x0°%;, f'=WE = 486 x/0
Zp Lo
For these specific values & solution is obtained as follows:

= ,030 + ,0053 = ,0353" and B = 1/2
Then, L' = 8340, M' = .2595x106, N' = .19h.8>c106
and Dl = 7008, D2 = 7008, D3 = 5707, Dl{, = “‘57.7

These values and the end conditions result in the final equations (for
this particular structure).
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From these equations values of the shear stress, fg (= a/1"),
end the tension stress fy (= w/1") in the bond are caleulated at various
values of x., The ratios fs/Ft and ft/Ft are then computed and pletted
in Figure II.8. F¢ is the tensile stress in the members away from the
joint., The large tension stress in the bond at the ends is of the same
order of magnitude as that predicted for similar :plices in the "exact"
analysis of Reference (3).

The main purpose of this analysis and example is to illustrate
that even this most simple additional refinement of the elementary theory
results in an analysis effort that is too cumbersome for practical design
purposes. The particular refinement illustrated could apply to a glued
splice but not to a mechanically fastened one. This is because the
fagteners are discrete, they carry bending as wel) as tension in trans-
ferring the shear, they may be "pre-loaded", their spring constants
usuelly vary with the load level, and these effects are partially included
in the elementary analysis in using an experimentally obtained spring
constant, k, for them, Hence,the elementary analysis, later substantiated
by test results, appears to be the only practical one for the case of
mechanically fastened joints,

II.5 ANALYSIS OF BONDED JOINT USING THE "GENERALIZED FORCE METHOD"

The previous example wes also solved by digital computer using the
conventional "Generalized Force Method" for obtaining internal loads in a
structure (based on the minimum energy principle)., That is, the splice
was analyzed as shown in Figure II.9, the equivalent structure for analy-
sis being taken as in (b)
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Figure II.9. Idealized Structure For Generalized Force Analysis

TABLE II.l
STIFFENER AE VALUES

R { NO. AR 0. AL
5250 ] 8 8900 15 | 18280
5250 | 9 8900 16 | 25100
5250 | 20 | 13470 | 17 | 25100
5480 |11 | 13470 | 18 | 25100
5480 {12 | 13470 | 19 | 37700
5480 {13 | 18280 | 20 | 37700
8900 J 1l | 18280 | 21 | 37700

qc\m:wmwé

The bond was converted into the shear web and stiffeners
shown by first dividing it into seven parts of increasing length from
the end, Each part was then replaced by three stiffeners (and a web) which
would have the same strain energy due to the Reaction loads as would the
actual bond, These stiffener AE values are shown in Table II.l.
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There were, thus, 22 reactions including the web shear at the center- :
line of symmetry., The web has a value for tG that provides the same
shear rigidity as does the bond. The results (the stiffener loads and
web shear flows) are shown in Teble II.2.

TABLE II.2

(PP L

LOADS IN "STIFFENERS" AND SHEAR FLOW IN "WEBS"

- STLFF= SHEAR |
;T,ER'F LOCATION | LOAD ?ﬁ? ENER |LOCATION| LOAD FLOW :
2 % LB _fe _fm L .X JRooLe
in, 1bs. | 1bs./in in .| “1bs., |1bs./in. %
2 200345 | -52.92 3168 13 +Ok750 30.24 9583 ’
3 ,00575 | ~47.09 4500 1k 05150 | Lo.l12 a8 | }
4 +00810 | -43.29 5724 15 06350 | Lh,96 7T 1
5 LOL500 | ~37.7h 6791 16 L07300 | 62.23 5417 3
6 01290 | =30.76 7661 17 08400 | 58.38 3766 |
T 01605 | -Lk2.k2 8861 18 09500 | 50,10 2349
8 | .01995 | -31,03 9738 || 19 | .10875 | 56.34 757 |
9 .02385 -21.23 10334 20 .ﬁses 3(3).% %&9‘ !
o02 "'l [ lO 21 ° l . - i
}f{ .osugg ’ .05 10% Ro2 = ~ 18 #/l n, I

ol s
% LB

The results are also plotted in Fig.IL 8 as the dashed lines. It is
seen that the tension stresses at the end are not as large as the pesk
values obtained analytically. The maximum shear stress is also lower,
but the distributions of shear and tension stresses are of similar form.
Possibly using more elements in the computer solution would have given
better agreement in this respect, but this was not investigated further.
The reactions conform to the basic assumptions of restraint against
bending; thus, these analyses would be more representative of a sand-
wich type splice, than for a lap splice, in actual practice.

An extended digital computer analysis of this type might be
useful in analyzing the more complicated splices involving composite
structural materials. Since such materials consist of multi-layers,
any purely analytical effort would become too cumbersome for practical
application and the numerous possible configurations would require too
massive an amount of data for a purely empirical approach. (The simple
elementary theory is inadequate since it does not account for the high
tension stresses at the ends of the layers.)

II.6 SUMMARY OF FORMULAS

This article presents a summary of theoretical formulas for
various doubler and splice structural configurations, These have been
generated as illustrated in Article II.2 and II.3 and are subject to the
gsame agsumptions and limitations as discussed earlier in using the
elementary theory. In all cases illustrated the formula for P gives the
load in the upper member, D, The load in S can then be obtained from
staties,
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The designer would usually be interested in only 2 results in
using these formulas, r.amely:

a, The maximum (end) fastener load, which will be that deve-
loped over a distance, p, from the end (x=p) in either
the case of a doubler or splice X

b. The load developed in the doubler, at the station x = L/2.

Hence the practical useage of the formulas is not as laborious as their
form would indicate.

The formulas can, of course, also be used to obtain "rough
estimates" of loads and shear flows in non-uniform (i.e., tapered or
stepped) members. This would be done by substituting "average" vsalues
for A, E and k. Such members are much more accurately, analyzed, however,

as discussed in Section III, using the mmerical procedure,

Seven cages are yresented, For euch case the
basic differential equation is shown, tor informative purposes only.
The equations numbered 1, 2 and 3 are used for losd predictions, If
desired, hyperbolic functions can be used to replace some of the
exponential forms since

-2
et- ¢

2 Sihh Z

and
P -7
e *+ e = 2cosh F

This might be more convenient in cases e, f, and g and is illustrated
for case g.

* When ty F tg, let x = p be near the end of the thicker member in
the splice. (i,e., let D be the thicker member),
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Figure II1.10 Half of a Doubler Installation
a2p
‘ axe MP = -N where
W %
' 1. P=ocy (™4 ML oMM o yyy C1 = 14e
Vitx \/71[, Jix kQ
2. =Vl ¢y (e - =
q 1 ( ) N = ZsFs
Vit VT
| b vemey L e )
D
Approximate Equations: /
-V
1.' Py % (1-e Mx) At x = L/2, P N/M
' N -V
2,' qzl . At x = N/VM
‘ Vi 0, q=z /
3. w:x-hNe'VrTIx
L=
~ L
——- A,E e e 3
: X A
| > 1P
%‘ - l — - -
i bo = E"’Y"‘!"‘;.A " fl!-l(lllllllllilljll_l__u.é.l.l.l.mr
e R R e e r"—_"[
= —] L‘—&/ il \_ﬁ X ﬁ‘a(})"
= sy,
Figure II.1)l Half of a Doubler Installation
2
4a<p
~ MP = «NyX
d—)? ° where
Lo ?=cy (o1 .emWiy , T cy = -N
u3/2(e WL/2 , o~ ML/2)

k
2, q =M (evr_'fx+e"%)+yf Na=—qi

i
i E
H M % vhere
i Vik  -VMi _ 1 1
3, w=hM (e -e ) M-—k(ASES +ADED)
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Figure IT.12 Half of a Doubler Installation

2
4 - MP = - (NHligx)

ax2
1. P= 2
2. q= These are obteined by superposition of the results of
3, W= [ separate analyses using cases a and b.
/
X0
r=/
d Q l'r T 1> s rxrlLl'llﬁ:llul SL+
* - S f
i
»~ oz
Figure I1.13 A Splice Installation
%P _ yp = .
B
where
N -\VML
VM -V N ~ VM Q - 3 (1-e )
lo P = Cl(e m - e m) + ﬁ (l-e ) Cl = H
e VML e-VIVIL
- - = KQ__
2. q=VF'nl(e%+ev_m)+Nem N‘ASES /
3. w=hml(em‘-e“m‘)-Ne'ﬁZ| M=k(%’g§+%%5)

2k




OIS A

Z=0
- x=/4 ___,_]
)25-——=ﬂ l 5 ZEZ ;
?rTrw»x TIIYLY LLUJ;IZJAJTszjqujif-‘"' k
& Fa > rdx

Figure IT.14 A Splice Installation

- e e =

2
.‘Lg - MP = ~NgX where
dx VP - )
N - X a
1. P=(Q-T)( & & )+ N =
W i % ; i BgEg
_ N e Xy -V, _ K
1 2. Q"'(Qva."ﬁ W(em-e_vﬂi"'ﬁ- N&"'ASES
Vi - Wi
= N e ____-¢ - 1 1
3. w=h @a' M) M (em i ) (M k( oo +ADED )
z=9 + z:A e
e — A
: * >1 } Cp*jﬁﬁi
- <Y, - - e
1 f. lmi:J.lIl:lll:—.f--u;l LI:_L%-—_T_
Co ﬂ*l L“?nfﬂ&

Figure IT1.15 A Splice Installation

2
&P . MP=-(N+Nx)
ax®

1. P=
2, q = These are obtained b{ superpositmn of the results of
3. W= separate analyses using cases d and e,
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Figere I1.16 A Splice Installation 1
2
AP _ o o
S5 -w=0
dx
Vhere
P ( e\mx - e-\fﬁx\ M 1,1 ) i
1. =Q o VML - e-V_ML} = Q sinh VML M= k(ASES ApEp
Viix -VMz
_ eMx 4 o _ cosh \/Mx
2. a=Vim (e\m - e- ML ) =\ sinh VML
e Mx | o-VMix sinh Vi

30 w=hm(evm_e_inﬁ )=hMQ8inhVﬁ

26




EXAMPLE PROBLEM

A doubler installation is shown in Figure II.17. This is the
same structure as in Figure III.M without the slop at the left end
fastener, Determine

a) The shear load developed in the end fasteners

b) The load developed at the center of the doubler and of the
base structures

/—é = 800,000 /. (rrP)

fflrt =,20" i' o E,j /—Domm

8 A
SHESTANTYL fSrece, F=29x/0€ r_z g-,L_,1

FASTENER Dire. = 36
V/EW A-A

Figure II.17. A Douvbler Installation

This is representative of Case a. The "approximate" equations will be
used., The various constants are

k = _@E_ = 800,000 = 421,000 #/In/in
1.9
Ag = NET EFFECTIVE AREA¥* = (Width - .8D) tg

1.84

08 (0375) (020) = 0308 in2

AD = Egh - -8 (0375) (020) = 3308 in2
N = _/é__i_ = )421 000 8 = 377
5 ,35é i29x188; -

As
A, / ) 1 1
M=k + = 421,000 -+
(A; App [308( 20x100)  ,308(29x10°)
-09l3

27 emsunlepmcey

VW o= \ool3 307

* See Figure V.4
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a) The load at the left end fagtener is calculated using
formula 1' of case & &s Ppy = PDyap = PDyap = x=p hence,

\ &
. _-m;'?_gzy (__ ,3o7x/‘7\) F27 4 A N e
£ "'M(/ e /2ol 09«;(/ /.795)“ L
That is, since each fastener has been replaced by a bond 1.9" long the
load developed over this length of bond is the fastener load., Due to

symmetry the load on the right end fastener is the same as that on the
left eni fastener,

b) The load developed at the center of the doubler, (x = % )
is
/\/( -Rx 297 -=3o7x25') #
oLl /- ==Ll () z 37
Prz(/-e Seal/—€ )= 3780

The load in the base struecture is then, from statics,
fond = E il adl
EQ-FP = 8000 - 3780 = #2220

EXAMPLE PROBLEM

A splice is shown in Figure II.18, This is the same splice as
in Figure III.k without the "slop" at the left end fastener. Determine

a) The shear lcad developed in the end fasteners

b) The load in the center elements of the splice member

(at x = L/2)
. *
/--/aF = 800, 000 . (77F)
tS =20~ ;- Z'D=.020 ; A l(/ YP{] =
é?CZZ;x e - S_EZL;Q:
7 w{ o 7 <> <> <r L~ A =g "
-4

SHEET MATL [5s S7EeL, £2.29% s2é
/. Y —>
o
| .,
SASTENER Liart. = Vo
VIEW A-A

Figure II1.18. A Splice Installation
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Thig is Case d, and, as in the previous examples,
k = 421,000#/In, Ag = Ap = .308 In?,
N =377, M= .0943, VM= .307

And, for this case,
L 207X19%0
(= a- % (/’ > 8000 - 0‘71/.:(/— 3000—399 -/
s = .8 - ', —__:-_—_
VAL YAt L & 07%19.0 S -~ 807X /9.9 T 3vp - 3‘/ ==,

a) the load in the (left) end fastener is determined as that
developed over the end (1.9") segment of the bond, as in
the previous example problem,

_ VA2
. (7% &%) ",% -&" >

@ =
307%49 =.307%/9\ | 559 -7”07x/.?>
= // -& ) + XLl [
7.8 (e o (/™ <
= ( .7 - \\
//e(/ 73 ,79> + 3928(1 - /,793,

792

Since the members D & S have the same values of AE (or since
tg = tp) the right end fastener will feel the same load. If Ap Ep#
Ag Eg,the end fasteners will not feel the same load. The largest load
will be at the end of the stiffer menber.

b) The load developed in the center segment of the upper
member (D) is determined from Eq. d.l, for x = L/2 = 9.5",

307x 95 =307, ) ST 5 —307KPS
+ 2! -
P =/.8(€ - e Seasll-€ )
= 278 +3782
= gooo0®

29
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The load in -..e center segment of the lower eplice member(S)
is then, from statics,

= Q-FP = 8ooo - #000 = %000

Hed the members D and S not hed the same value of AE, (or tg 5 tp) the
loads Pg and R, would not have been equal at the center segment.

These two examples are also solved by the numerical method in
Section IXI, assuming one of the end fasteners to be installed in a
"sloppy" (oversize) hole.
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SECTION III

METHOD 2 - NUMERICAL METHOD FOR HAND ANALYSES

IIT.l INTHRJDUCTION

The previous analytic equations apply only to the particular
case involving uniform members. In general the geometry and the attach-
ments will vary along the length, Hence, the Constants M and N of Eq.
(6) will ve functions of x and simple solutions will not be available,
In this case a numerical integration of the differential equation (6),
for each specific problem would be required., This could, of course,
be done and used as a tool (but not for an accurate final load distri-
bution) in an analysis of an actual glued joint., However, in the case
of discrete fasteners it is advantageous to use a different procedure,
which allows for including the effects of fastener-hole clearance
("slop") and plasticity. In addition, it is also more meaningful to
the engineer,

[P

III.2 NUMERICAL ANALYSIS METHOD FOR DOUBLER INSTALIATIONS 2

A practical engineering method for determining the distribu-
tion of fasténer loads in a doubler or splice by hand analysis is often
helpful., Such a procsdure is described below, first for the case of a
doubler. It is essentially one of s3uccessive trials using the principle
of static equilibrium as the criteria for the correct digtribution of
internal loads. Figure III.l shows a base structure, S, subjected to
the applied loadings Q, Qp, and q,, Qg being an applied shear flow,

A reinforeing member, or doubler, D, is attached to S by the mechaniceal
fasteners, F., The "gap" between D and S is exaggerated for purposes of
illustration.

DoUBLER, D
2 2 D, # s b >
G, 5 1% 15 1%k 15F 1k 156 1k e
i S %a & S S _Se S ¥
_f .
j “ BASE STRUCTURE , S “

Figure III.l A Doubler Installation
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As the member S stretches under the applied loads, the common
fagteners will, in turn, tend to stretch the member D. Loads will thus
be generated in the fasteners. Considering only those forces in the
axial direction, the shear loads in the fasteners can be determined as
follows. Letting the end fastener, #1, at the base structure be the
reference point for axial stretching, or displacement, the resulting
relative movement 18 as shown in Figure I7I.2. The dotted lines show the

displaced positions.
4—4"—‘,---4—1“- —-b-t-----.[6 P
p.T7) AD
() 2 493 A Da ,d'
e

- r— —] l—— —]
/ 2 '3 ¥ 5 6 z

=
H
1
]
4
4
[
¢
y

; ‘: Y %
¥ ¥ 2 i -}
*r—-—?rﬁ-;;—*- - aﬁ_

~nnamfedd

0
’
H
1

T LR,

'5 8, ; v

! = =t - ==

; R N & s gd e
| ASF0  ASy 4as,

s

Figure I11.2 Displacement of Members Due to Applied loads

Figure III.3 shows the applied and the internal loads and also the sign
That is, all applied and internal loads are positive

convention used,
vhen acting as shown.

Lo T2 T 25 1 2¢ 1 or [ ¢ 1 %5 ]
5 T % % 7% @6 'p %
N RN A X N7 W sa S

Figure III.3 Sign Convention for Applied loeds and Internel Ioads

As in Figure III.2 let A D, be the total movement of each
festener at the doublor and z&s be that at the base structure. Then,

at the doubler,

=4 ==zﬁé; = the displacement at the first fastener,“1,
’ which is also the net strain (in shear) for

fastener #1, Aﬁ&}&, since A S 8, =0,




AD.= é;- + the total strain, or stretch, in the doubler ;

e / element 1.
Then, in general, at any point, n,
n-/

AD%: 5,:/ * 26;9

7

3
9

The total displacement at any fastener on the base structure, S,
will be the sum of the individual total strains of the elements,
Sps up to that point, or,

n-/

15,2 54,

The net strain (in shear) of any fastener will, therefore, be
the_difference between the total displacements of its ends, at D
and at S. This is

Ase = ADy, - A4S,

7=/ N-/
b * 2 b, L &, o2

The corresponding fastener load can then be determined from the
relationship

i

g = A3AL, )

where kp = spring constant of the fastener-sheet combination,
discussed further in Section V.

Once P?n is known the corresponding loads in the next axial elements
/%, ~@nd /% are defined, since as indicated in Figure III.3,

/871,:: Z&n """""“"'(23}

wheri)Ln = length of elements S (or D) with L, = 0 (i.e,, for
n =

33
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The total axiel strain in the elements Sp and Dp can then be calculated
as

A gl
)

n PDn/ Kp, ===s=smsemsmmsssceeceeceecccoeeo e (30)
and J

e

R I i (31)

Where kp = the spring constants of the elements D, and Sp
(i.e., AE/L), as discussed in Section V.,

The next fastener load, Pp,,, » can then be calculated from Equations
(26) and (27) and then all {Pllose remaining in a similar successive re-
petitive manner,

An engineering procedure for determining the fastener loads
is therefore as follows:

a. Assume a value for the first fastener load PF; and using
Eq. (27) calculate the corresponding fastener strain, J}:I .
i (This assumption is discussed later)

b. Calculate the strains in the members S; and Dy from Eq.
(30) and (31).

c. Calculate the strain in the second fastener,A é’,_- s using
Eq. (26) and then calculate the fastener load, PF2 using Eq.
(7).

d. Repeat steps (b) and (c) repetitively until all of the
fagtener loads have been determined.

e, Add up all of the fastener loads. If thelr sum is not
zero (needed for static balance of the doubler, as in
Figure IIT.3) the initial guess in step a is in error.
Then assume another value in step a and repeat the proced-
ure, After a few trials the true distribution of fastener
loads can be determined, with sufficient accuracy for
engineering purposes. Plotting the values of each assumed
fagtener load versus the corresponding error in static
balance (i.e., versus the sum of the fastener loads) will
assist in rapidly determining the true initial fastener
load.

If there is present a clearance, or "slop", at any fastener
and hole, the effect can be accounted for by modifying Equation (26).
That is, the fastener will not be strained through the full relative
movement, AD,~ &5, since all or part of this will be used in

34
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"closing up" the clearance. Thus, if the fastener hole clearance is
denoted by Ac¢ , Equation (26) becomes

7=/ 7=/

NSy = 8 + ) & = )4 T Ac, ------ (2)

” ”

However, there is a limit here in that AC can, at most, only re-
ducel & to zero, as in the case of a large clearance, That is, it
cannot load up the fastener in the opposite direction.

The procedure can be carried out by hand most easily if a
tebular form is used. Such a tabular form is shown in the following
example.

A first guess for the end fastener load can be made, arbitra-
rily, by first assuming that the doubler will carry a portion of the
applied load in proportion to its stiffness., That is

._J__A____
PhouBLER = @ ( 2 £y + Ay 55)

Tt can then be assumed that the outer 25% of the fasteners will pick up
this load uniformly. Thus, if there are N fasteners (or rows of fasteners)

and Q is the average applied end load, the initial guess for the end
fastener load would be

— / Ay - A £
F /V/¥ Apfp*’A‘ng/ N ADED+A3€$

vhere Q = ﬁfgﬁ_ and ApEp end AgEg are average values,

The analysis is then carried out using the tabular form, (Table III.1).

The second guess is made in such a manner as to reduce the
error (i.e., S/, ) that results from carrying out the procedure
the first time. That is, if S /’An > 0 , the second guess would
be a smaller load and if S/, , it would be a larger one.

The second analysis is then carried out, followed by a third analysis,
etc. as necessary.

EXAMPLE PROBLEM:

Determine the internal load distribution in the doubler -
sheet structure shown in Figure III.4

35
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. "
N A= 800,007, (T78) |_, o1
(ra)

z:s:‘?o” ~p=20” \-. A

S

m# N P S\ = P o oo N ) e :;f:.:b
B d S

+\J N et A4 A A 7 <7

L A e
SwEET MAryL /s Sreel, F=29%/0°
t"—- Aii“"',

.003" Slop
at the left ’ -3 ”
end fastener only /AST, fﬁ’/-l'z ;‘;’/;/4 f

Figure III.4, A Doubler Installation
The Fastener Spring constant is given as
k. = 800,000 .

The Doubler and Sheet Spring constants are then calculated
(as discussed in Art. V.3) as

6 %
k, = Af £ - (184-.375%.80)( 20D _ 4 7y 1

/g
éé" = dAQE b=t Z,?X/O-é

These values of kp, kp and kg are then listed in Col. ’ and
respectively of Table III.1l. The applied load of & is listed
in Col. @ and Of# is listed in since no intermediate loads exist.

An initial value for the first fastener load would be teken as, (if no
"glop" were present)

SR Ap £p )_ SO0/ ﬁ?sx/aé
/

<Y _ =
T N (Anfp”‘A:Es - /o/¢ \8.95xj06f B.A3V/0%, -450_0

but gince .003" "slop" is pregent at this left end fastener this is
arbitrarily guessed t¢ be only half as much, or

P, = 800#

Thus 8004 is listed in Col. (§) for n = 1, The first trial Teble ITI.1
is then c<)>mpleted (working "backwards" to obtain the value for Col. @
forn=1
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For the correct value of Py, the doubler load at the lagt fastener (#10)
will be zero, or Col. 10 0. Since in this trial (7 15 = 101,010 >0,

another trial is necessary assuming a smaller value for Col, @‘l

After several trials, including plotting the "error" (which is the
value in Col. @ O) vs. the assumed value, Col, (6 j sthe final loads

are obtained. It is seen that @lO = 6# 22 0, sufficiently accurate
for common engineering purposes.,

This relatively simple analysis is all that is necessary for
those instellations where all internal loads are in the elastic range
(i.e., where no yielding is to be allowed, usually at limit load).

If the slop is "too large" at the left end fastener #1, the

load in the fastener must of course be zero., This would be Indicated in a
tabular solution if assuming P) = O was not "small enough’to obtain a
static balance ({7),.x# 0). Actually, the smallest value of slop that
causes the first fastener load toc be zero can be obtained as follows.
Assume Pp, = 0. Then, by "trial and error" tables, find the value of

Acl (@ ) that gives a static balance, For this and any larger
value of slop the first fastener load is zero., That is, the first fastener
is "out of action". The true load distribution in the other fasteners
is then cbtained by starting with fastener #2 (i.e. ignoring fastener
#1 since P, = 0) and assuming a value for fastener #2. Should #2 have
too much slop also, then Ppy = Oy Py, = O and the distribution of loads
must be obtained by "sterting" with %a.stener #3, ete,
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III.3 NUMERICAL METHOD FOR SPLICES

In the casc of a splice the same general procedure would be
used as can be seen from an inspection of Figure III.5 compared to Figure
III.2. 1In this case, however, there is an applied load acting on each
nenber, S and D. Thus, the criteria for the correct fastener load
distribution will be, from statics,

n”
iE./f%;z = Applied loads on either member.

This can be seen in Figure III.6 which shows the applied and internal
loads for a splice configuration. As discussed in Section II a candwich
type splice is converted to a single lap arrangement Yor purposes of

anelysis.,
[ e
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; .' , ! i i , /
,’ ,’ U f ! / ! ’
/ ! ! ! ‘ /
/IF/- "é /5 ,'/'4—: //g- ,@ e /fé
4 / ; ! ! 1 "7 /
QL l! 1’ l’ ] l’ ,l _’,
Sy | Sa y S | Sey y S | Se TS> |

|
: = - —_—~— - e
AR S

Figure III.5. Displacement of Members Due to Applied Loads
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Figure III.6. Sign Convention For Applied ILcads and Internal loads
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In general the end fastener loads will be largest and ‘hose in the middle
the smaliest. The procedure can be carried out in tebulayr form 35 dis-
cussed previously by assuming a value for Ppy, the first fastener load.

A value for the first guess can be taken as,

~ 24Q
/g/" Y

which is obtained by assuming that 1/2 of the average applied end load
is transferred by the outer 25¢% of the fasteners at each end. The
following example illustrates the method for the case of a splice.
EXAMPLE PROBLEM,

Determine the internsl load distribution in the splice structure
shown in Figure III.7

428000007, 7R o,
= ol 'EER?" . r;%e ;o
0™ SEVER N P g
<« — —————
f_y‘& e e b A

SwEkr MATL /s STEEL, £727%70% ,-*—/é}‘—hi

003 S0P Ar THE EEEEEEEEEEH

7
LEFr END FASTENER ONLY FRSTENER Diapn =58

Figure III.7. A Splice Installation

The fastener spring constants are given as 800,000 #/in. The dcubler
and base structure spring constants are computed as in the previous
example (and have the same values).

These values and the applied load of 8000# are listed in Table I11.2,
as discussed for Table IIX.l.

An initial guess for the first fustener load, Col. (:)1 » would be taken
ag (if no "slop" were present)

. 24 _ . _2(5000) . #

But, since ,003" slop is present ¢t this left end fastener this load is
arbitrarily guessed to be only half as much or

%13800#
The trials ave then carried out in Teble III.2 as disc%gged for Table III,l,.

. in th
e 8, PSSk T 0 B ETEER Yo QTS

zero, as for the doubler),
In this case, a splice, the "error" would be
Error = Col. @y - 8,000
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This relatively simple analysis is all that is necessary for
those installations where all internal loads are in the elastic range
(i.e., where no yielding is to be ailowed, usually at 1imit load). The
same note on p. 37 regarding "large slop" at Fastener #1 apvlies here
also.

Some labor-saving "short-cuts" in determining the internal
loads of doubler and splice installations are presented in Appendix I,
Article AI,.2,

IIT.lt COMPARISON OF DOUBLERS AND SPLICES

It is helpful to keep in mind that there are two basic
differences between doublers and splices

a, They have different purposes

(1) A splice's function is to transfer a given load. It is kept as
as short as possible in accomplishing this.

(2) A doubler's function is to pick up load (and relieve another
merber)., In order to do this efficiently it must have some
considerable length, although this is kept to a minimum,
Therefore doublers are, by nature, relatively long members
compared to splices,

b. As can be seen m an inspection of the results of Teble III.l and
I11.2, Column

(1) The fastener loads in splices can be made to approach a somewhat
uniform distribution efficiently since they are all acting in
one direction (unless unusual intermediate appiied loads are
present)

(2) In a doubler, however, the fastener loads form two groups acting
in opposite directions to load and unload the doubler., Thus,
the fagstener loads will be larger at the ends and vanish at the
center where the relative displacement between members D and S
is zero, They will not, efficiently, approach uniformity as in
the case of the splice.

These facts are illustrated in Figure III.B
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Figure III.8. Comparison of Internal Iosds in Typical Doublers and Splices

III.5 GROUPING STRUCTURAL ELEMENTS

When there is more than one fastener in z row (normal tc the
loading, or to the axial direction) the spring constants of the indivi-
dual fasteners in the row can be simply added together and considered
as one fastener., The spring constants of the axial members are calcu~
lated in terms of their "adjusted" net average cross-sectional area, and
the effect of more than one fastener is considered, as illustrated in
Section V, Figure V.U, This substitution is illustrated in Figure III.9.

Frequently, however, in the case of doubler installations
there are too many rows of fasteners for a hand analysis to include all
of them, and it is necessary to group, or "lump", two or more rows to-
gether as one row, or one fastener actually., Since the end fagteners
are the most highly loaded it is best to do the least grcuping at the
ends and the most at the middle., Figure III.9 illustrates how this is
cerried out.
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As seen, the doubler having 30 rows of fasteners (a total of 77 fasteners)
would be first considered, for analysis purposes, as having 30 "equiva-
lent" fasteners as in (b). Then, since these are too many for a hand
analysis, they would be "lumped" into say, 15 groups, that is, into 15
equivalent fasteners for a hand analysis. In either case, (bs or (e) the
equivalent fastener has a value of kp obtained as the sum of the individ-
ual values of kp vwhich it replaces ( =‘27kfh). It can be seen that the
largest grouping in (c) is done in the middle portion, where the fasteners
are strained the least. The location of each group (or equivalent
fastener) in (c) is the "centroid" of the fasteners in the group, based
on their spring constants. The spring constants of the axial members,

D and S, are obtained from (c) but include the effect of the fastener

holes as they actually exist, in (a). The equivalent structure in (c) is
then analyzed using the method as discussed.

Once the fastener group loads are determined they can be dis-
tributed to the individual fasteners making up the group on the basis
of fastener spring constants, since fasteners having different values of
kg are sometimes grouped together. That is,

N
Pg

= P, an
S P

This method of grouping cen also be used sbhould ther: be too
many rows for the computer routine to hendle, as discussed in Section IV,

111.6 FASTENER LOADS IN THE PLASTIC RANGE

In the previous discussions and examples it has been assumed
that the fastener spring constants, kg, are known &s supplied data. How-
ever, as discussed in Section V and illustrated in Figure V.2, these
values may not be constant. Therefore, if the applied loads are large
enough, a procedure is necessary that accounts for the reduction in ky,

at each affected fastener in the "plastic" range. (A review of Section
V is helpful at this stage).

This can be done by using the previous tabular method of
analysis but carrying out separate analyses for successive increments of
the applied load until their total equals the applied load. That ig, the
method of superposition is used, During each incrawent of applied load
the values of kp will be assumed to be constant, but they may change for
successive increments. The procedure is as follows:

a. The maximum load to which uny fastener is allowed to be
subjected must be determined. This value will be estab-
lished by either a fatigue or yielding requirement, or
elge ag the ultimate load for the fastener sheet combin-
ation, (This is discussed further in Section VIII).

9. The losd-deflection curve (for each type of fastener) is
divided into several straight line portions that
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approximate it as shown in Figure III.10. Although not
necessary, it may be convenient to use equal increments

on the P scale, as shown, for all but the first increment.

Q BT T TSN aniowBIE
N e FASTENER 1OAD, /g
s BT e :
¢ 7 |
- 4 !
9 '3"‘""“"'“'":7;/ ! :
§ @------.--.--_7/ ; | : ACTUAL CURVE
. ! :
4 i ! i e—=m= APPROXIMATING
& ! '
% ; : : CURVE
N I 3
N - ! :
& S :
X E ; :
N L : ,
: | : !
' s :
0 H H [
&% b %

Joint Deflection ~ Inches

Figure I11.10 Division Of A Fastener-Sheet Ioad~Deflection Curve
Into Linear Increments

Six increments are shown in Figure III.10 since this ,
number is used in the computer routine. (A lesser mumber :
of increments, only 2, are used for hand anslyses as '
illustrated in the following example problem), The incre-

ments are chosen as follows, The first increment, from O

to Pp, includes the linear portion. The difference in load

between Ppand the maximum velue to be allowed, Py, is di- :
vided into 5 equal load increments and the corresponding '
deflections, &y ,are determined, Then the value of kp
for each linear portion is calculated as

_ A4r
A, B, C-- = CAB A B, C---

(1 B SR NP AT - SOTS SOV

O 270




¢c. Assuning all fastener spring constants to have their
initial (elastic) values, kp,, the loads in the fasteners
for the full applied load, Q; ,are determined by the con-
ventional taobular apalysis.

d. The largest resulting load, PFn s at each di.ferent type
of fastener-sheet combination i% exanined in light of its
load deflection curve (Figure III.10). If ony of the fast-

eners are loaded gbove their Py values, all of the results
in c, above, including the value Q,are reduced by the fra-

ction, Pa/Pg,, . Pa/Py  is the smallest fraction cbtain-

gble from the results. e first applied load increment,
A Q;, is then calculated as

Ay = @ (i?nl \)

e. Steps c and d are repeated for an applied load of @), - .
AQy and 2 new set of loads, PFyp, is obtained; butv this .

time kp, is used for all fasteners except that one in d
above that has reached its limit of Py. For this fastener
krg i8 used in the analyses. The sum of the loads at each
fagstener is then computed, Exemining the results as before,
another fraction, FA — FF, | is obtained. However, it
FFnp {
is possible that the same fastener may again reach a new
limit, Pg, and that the fraction PB = FPFp here may be f

n2
the smallest. The corresponding loading increment is .
calculated as g

s -
-

Agz = (o =A%) ("A _ PFnl) ) o
PFno ‘
or as fiQp = (g -AQ) (B FFL L

f, Steps c and d are repeated again, repetitively, until after
m sets of calculations the sum of the increments of AQy,
or 2/A Qu, is equel to the applied load, Q. The fast-
ener load distribution will be the sums of those obtained
in each increment, that is, those obtained in each analysis
after ratioing down the results, The same applies to the
axial loads in the members D and S.
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1{ any fastencr yeaches its maximum allowable load before
2 AQ, = Q, then 2 AQ, is the max. load the structure
cen take, Summarizing, for any analysis increment, m,
the following steps will be used.
=/
(1) Calculate Qy = Qg - Z’Aqm, and if an applied shear
flow, qa, is present
U

q,
(2) Calculate the internal load distribution by a con-

ventional tabular analysis, for the applied loads
Qm and gy (if present).

O = 9a¥

(3) Determine the smallest ratio
m-
IE: LA

I
O
3

where N refers to the selected By values as in Figure
I11.10, If all values of rp, ave greater than 1.0,
then rny = 1.0 is ured.

(4) CcCalculate the increment of applied load for this
analysis, m, as .

AQy = Qp x v,
and
AQy = Qy X Ipy

(5) Calculate the increments of fastener loads for this
analysis, m, as (for each fastener)

APan = Pan X Yoy

(6) Colculate the increments of load in the members D
and S &8

AI—'snm = Psnm X Iy
Aanm = anm X Tn,

Steps (1) through(6)can then be repeated in the next
analysis, m + 1, etc, until jAQm =q °
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The analysis can be carried out mosat easi.y b~ winy 2 tabular
form for the calculations, The: details of this are 12lasi:ceted in “he
following example problem,

For cases where slop is present an additional iwfinement is
necessary as discussed at the end of this article,

EXAMPLE PROBLEM

A doubler is attached to a base structure as shown in Figure
I1T.1la. The fastener load-deflection curve is shown in Figure III.1llb.
Determine by hand analysis:

a. the internal lead distribuation corresponding +to the
applied load of 4h,8004#

b. the maximum value the applied load could have if the
allowable fastener load is 6450f, as shown in Figure
ITI.11b, arnd the corresponding internal loads.

’”

| r 1
; _,1 | 4, 920,000, (T75)
: | ool N N J/—

4-——§ o ! S

g, \——/L: = 2,360, coo/”. (777
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.
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Figure IIY.1l A Doubler Installation

kg

e u\,&wmuw

VIR T o Rt e e n T P e - R e




e
—

RS W,

a. The analysis is carried out in Table III.3 as follows:

(1)

(3)

()

(5)

(6)

The actual load-deflection curve of Figure IIY.1llb is
replaced by one consisting of 2 straight lines, as
shown by the dashed lines. This has been done in

such a manner as to obtain approximately the same area
under each curve., The maximum allowable) value of

Pp is 6450# as arbitrarily specified sbove. Hence,

it is seen that for all fasteners Py = 4,9007 ang

Pg = 6,1;50#. The two resulting spring constants

for the fasteners are found to be (the "slopes")

K, = 256,000 #/10 ang gy = 103,300#/1n

A conventional tabular hand analysis is then carried
out to determine the internal load distribution in
the structure for the applied load of 4k4,800# and
for ky---kg = 256,000 #/in; This is referred to

es the "first unit solution" and the results are
entered in Col (3). Only the doubler and base
structure internal loads in the center elements,

PD5 and PSS are shown, to save space.

The limiting load levels for the fasteners for this
®irst analysis axe shown in Col. (3) as 4900# (which
is Py). The limiting value of Qp is the applied
valve of Ul 800K,

The possible limiting ratios are calculated in
Col. @ .

The smallest value in Col. @ (r1 = 6!'6) is then
applied to the internal loads of Col. @ to obtain
the actual losds making up the first so-called "in-
crement" of loading. This incremant is based upon
k) --- kg = 256,000#/In. The results are listed in
col. (37 col. @ 1s the sum of all previous
increments, which is identical to the first increment
of Col. (5) . This brings the first fastener up to
its max, value of load, Pp, = 4900, that is consis-
tent witk kp = 2,6,000#/iny This is seen to

corcespond to sn applied load increment of 28,900#.

A second conventional tebular hand analysis is then
mede €or the remaining applied load of Lk4,800 -
28,90 = 15,900# and for kpq = 103,300 and kF, ---
kF.. * 256,000#/in., This is called the "secong unit
solution" and the results are entered in Col. (7).
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(7) The remaining columns are then cogpleted in s
gimilar manner to thgt for Col. - Col. @ .
It is seen in Col. that the limiting ratios
for the fasteners aré all greater than 1,0
Hence, the value r is used and Col.
is identical to c @ e final loads
then those obtained in ol. since Col. @
shows Qy to be zero.

Although this analysis happened to be completed in only
three increments, other configurations might require more, Such could
have happened in this case if the fasteners were more closely spaced or
if the fasteners were less stiff initially than shown.

b, The maximum "allowable" applied load, Qp, and the corres-
P ding ternal loads can be calculated by revising Col.
as shown in Teble III.hk.
(1) sSince the load Qpis to be deteymined no limiting ratio
is specified for it in Col. .

(2) smallest of the remaining limiting ratios in Col.
y Or 2,25, is then applied to the va.lues o

to obtain the values of Col. « Col, h@
therl gives the allowable applied load QT (=l6,1.

and the corresponiing internal loads. It is seen that,
in this case, it is the end fastener that reaches its
allowsble load of 6450# first and limits the load
carrying ability of the structure.
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TABLE III.L

DETERMINATION OF THE ALLOWABLE APPLIED LOAD FOR THE STRUCTURE

THIRD LIMITING Lpos"s"'mm THIRD | SUM OF‘—J
Load UNIT LOAD | LIMITING | LOADING| LOADING
SOLUTION ! LEVELS | RATIOS, | INCR'M'T) INCR'M'T,
1
Same Q3=Q(2)-Q
R Iy T kC;) 2O oy s
Table III.3| 103,000 Fig.
k3---kg= III.11b
256,000
FROM - W+ 82
TABULAR Q @_;@_ O+ O
ANALYSIS @ @
QL 1070 - -- 2,410 | 46,140
Ppy 107 6,450 2.25 240 | 6,450
PF, Same 70 6,450 | 22.1 158 | 5,058
PF3 As 101 4,900 | 20.4 227 | 3,067
Pp), | Teble III.3 52 4,900 | 65.9 n7 | 1,587
PFs5 16 4,900 |278.0 36 490
Fpg 346 -- - 778 | 16,652
Pg5 724 - - 1631, | 29,487

fastener loasd-deflection curve consisting of 6 straight lines,
sults are compared with the previcus ones in Tatle III.5.
in this particular case, the difference in results is negligible from an

engineering standpoint. This is believed to be true in general for

The problem of Table III.4 was repeated (by camputer) using a

The re-

It is seen that,

fasteners having a significant initially linear portion on the load-de-
flection curve,
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TABLE III.5 , ;
}
COMPARISON OF RESULTS FROM HAND AND COMPUTER ANALYSES : ;
RESULTS USING 2 | RESULTS USING 6 s ;
LOAD| STRAIGHT LINE STRAIGHT LINE |
CURVE (TABLE III.4)|CURVE (BY COMPUTER) : )
aL 46,140 45,986
PF1 6,450 6,450
PRy 1,587 1,593 ,
PFg 490 kg2 .
Pps 16,652 16,564
P35 29,488 29,422

Although not illustrated, the same general procedure can be
used for the case of a splice having fastener loads in the plastic range.
That is, the same steps as outlined for the doubler would be taken. The
only difference would be that the unit solutions of Table III.3 would be

made for a splice. ]

This article has considered only the case of the fasteners

"going plastic". Although less likely, the doubler or the base structure
elements might also be loaded into thz plastic range. In such cases the
same general procedure would apply, but the stress-strain curve of the
sheet material would be used (similar to the fastener load-deflection curve)
and "replaced" by straight line segments, That is, the tangent modwlus,
Ey, would be used to calculate kp or kg in the non-linear portion. Any
such doubler or base structure elements would, for example, be included
in. Col. of Table IIT.3 and they, also, would have values for Col.

N and all subsequent columns, just as did the fasteners in the
example illustrated.

The method of this article hes not included provision for slop.
If slop is present a slight additional refinemsnt must be mede., This 1is
discussed and illustrated in Appendix I, Article AI.3.

III,7 SUCCESSIVE LOADINGS IN THE PLASTIC RANGE

When the applied loading results in any fastener(s) being
loaded in the plastic range, permanent set will occur. Therefore, when
the applied load is removed there will remain some distribution of
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internal, or residual, loeds in the structure., That is, the structure
will ve “pre-loaded", Any successive applied loud will start from this
basis. Thus, it may be necessary to be able to predict these residval
loads in order to cbtain the true internal load distributions corres-
ponding to subsequent applied loads, This might be necessary in a
fatigue life evaluation, particularly, A method of accomplishing this
follows. *

Assuming that a doubler installation has been loaded so that one
or more fasteners is in the plastic range, when the applied load is re-
moved these fasteners will unload at an essentially constant rate
{1bs/in). This rate will be very nearly the same as the slope of the
initial linear portion of the load-deflection curve, as evident from
experiments, This is illustrated in Figure III.12 and is analagous to
what occurs when any ductile material is losded beyond the proportional
limit, (Actually the line B-§; or C-é, is a hysteresis "loop" and B-§.
and c-tfe have a significantly steeper 8lope than does OA. But this is
ignored in the suggested enalysis and is discussed in Sections V end VIL)

..........................

LG ANE R LN T LRS-

Deflectior ~ /[rehesS—m
Figure III.12 Loading and Unlcsding in the Plastic Range

That i3, if a fastener were initially loaded beyond the elastic (1linear)
range, Pj, to say, Pp, it would return to a residual strain, é 1s When
unloeded, Then if loaded again to a higher load level, Py, it would,
essentially, follow the line &67-B-C and upon being unloaded it would fole
low the line C=~ §, to & permanent set of §, when P = 0, The lines

¢ 1-B and & o=C are essentially parallel to the initial linear portion,
0-A. The main point is that in unloeding the fastener load decreases at a
rate (lbs per inch of deflection) that corresponds, essentially, to the
initial (elastic) slope of its load-deflection curve and follows this
slope in loading up again,

* As discussed in Sections V and VII same permanent set will always
occur, even at low load levels in the so-called elastic ranyz, due to
the "seating" of the fastener in the holes,
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The residual internal loads can therefore be calculated by
a superposition precedure as follows:

a., Calculate the set of internal loads, using the specified
applied load but assiming that the spring constants,
Ky, for all fasteners are the initial (elastic) vaiues.

b, Subhkract these values from those obtained in the plastic
analysis (as in Article III.6). The resulting values are
the residual loads in all members.

Table III.6 illustrates the determination of the residual loads
for the doubler of Art, III.6, Figure III.1l loaded into the plastic

- h . e g T o >

range.

TABLE TII.6

DETERMINATION OF RESIDUAL LOADS

Q © ® ®
RESULTS OF THE  |ELASTIC ANALYSIS FOR |RESIDUAL
PLASTIC ANALYSIS Q = bk,800 LOADS
rowp| .. .o ... lki=ncke= 256,000 #/in -
TABLE III.3, COL. () |TaBLE 1I1.3, coL.@ | @ - @
QL 44,800 44,800 0
PFy 6,317 75592 -1,275
P, 4,970 L,568 402
PF3 2,941 2,649 292
PFl;. 1,522 1,371 151
Pps 470 L23 47
PDg 16,220 16,603 | -383
PS5 28,580 28,197 J 383

Then for any subsequent applied loading that does not exceed
the originel applied losd the internal loads are obtained by

a. Calculating .the load distribution assuming that the spring
constants for all fasteners are the initial (elastic) values.

b. Adding the residual loads to the values obtained above, to

obtain the true internal load distribution.

If a subsequent applied load is greater then all previous ones,
then a "new" plastic analysis is simply carried out as discussed in

Article III.6. The residual loads due to this will then be the basis
for all lesser subsequent applied loads,
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Table IXX.7 illugtrates the determination of the true internal
load 4istribution for subsequent loedings. The case illustrated is for

&n applied losd, Q = 22,400 #, a previous load having been the 44,800 #
value in Table IiI.6, ,

TABLE III.7

DETERMINATION OF SUCCESSIVE LOADS IN THE PLASTIC RANGE

+ove

[
b

ELASTIC ANALYSIS FOR RESIDUAL | TRUE INTERNAL
QL = 22,400 # LOADS Loap pIsTRIBUTTON
ky-~-ks= 256,000 #/IN :

an hin

222200 « coL. @, TABLE IIL.307ABLE IIL6, c0L.® ' @ + @
3

{
QL 22,400 : 0 ¢ 22,b00
PFl 3,796 -1,275 2,521
PR, 2,284 i Lo2 2,686
PF3 1,32k ; 292 1,616
PRy, 685 f 151 836
PFs ) 211 : L7 258
Ppg 8,302 -383 7,919
Pgs5 14,099 4 383 1,482

i {

Additional subsequent applied loasds up through U44,800#, would be dealt
with similarly.

The above illustration was for a doubler configuration. The
same procedure would be used for a splice, however.

The method of this article has not included provisioms for
including slop, If slop is present a slight additional refinement must
be made, This is discussed and illustrated in Appendix I, Article AI.3.

1IT7.8 MULTIFLE DOUBLER AND SPLICES

As specified earlier, the specific methods of this report
apply only to doublers or splices consisting of a single lap or a
single sandwich configuration, Occasionally, however, the situation may
arise where there are several axial members, This would represent a case
of miltiple or “stacked" members as illustrated in Figure III.13.
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EXTRA QR "STACKEN” 2OUBLER
.DOUBLER. /- :
0‘ e A[I’LJ‘ — — — —— Q. £ — Lderrahdeg oo = Tty Q&(‘Q‘J
s e 4 5 e
Multiple Doubler Installation
(2)
j
| | £
Ko S
Equivalent Structure Q’t ‘
(b)
/—D (VNG Af 4sr)
4, [ ] D (56))
-~ 5 ' 3
_gs
(c)
[
/—-D/

—
LS aie i SlE N i S T B L e e e

\—Applied Loads Are The Fastener
Loads As Obtained From The
Tebular Analysis of (ec)

()

Figure III.13 A Multiple Doubler Installation
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The actual structure is shown in (a) and the equivalent structure for
purposes of analysis in (b). The distribution of fastener loads and the
loads in the members could be Jetermined most directly in such a case
by using the analog method discussed in Section 5.0. If this is not
available an approximate fastener load distribution can be obtained by
successive trials vsing the basic method of this report as follows:

a, Combine the stacked doublers D; and Dy into one member, D,
(by adding the k valuesj as in Figure III.13c., This assumes
the fasteners between them to be rigid,

b, Determine the corresponding fustener loads between this
assumed member, D, and the base structure, 8, in the
conventional tabular manne:r, Note the strains, Col.
of the table,

c. Then conzider only the two doublers, as they actually exist,
to be a structure subjected to the loads of (b) above,
vppiied to the member In, as in Figure III.13d.

d. Drtermine the internal loads for this configuration and
Locgding and also note tne strains in the member Dy Col.
15 of the table. Member D; is the "base structure" in
this analysis.

¢, (zlculate an effective kp value for the caubined menbvers
In and Do using the member strains from (b) and (d) sbove
a5 follows:

For any segment the effective kp of the cambined
members is taken &s

(kp) eff, © (kD)assmnedx _é:.ll._)
] Dy

f. Repeat steps (b) through (e) using (kp,) op, from step
(e) sbove in step (b). Then repeat agaifi £2 necessary until
the strains obtained in (d) are sufficiently identical to
those in (b), that is, until at each element, D and D1,

SD = Sp

n n

It can be seen that this involves considerably more effort than for a
single doubler, particularly where hand analysis is used. A rougher
estimate can, of course, be obtained simply by carrying out steps (a)
and (b) only one time., This assumes the doublers to be one integral
member ard therefore results in the fastener loads and the doubler load
being larger than they actually are,
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Only the case of one "extra" doubler has been illustrated., The
same approach could *e used if more than one were present, However, the
labor would increase significantly since the steps outlined would have
to be made for each "pair" of doublers, successively, and more than two
sets of fastener loads would have to be sufficiently idemtical in the
successive analyses,

EXAMPLE PROBLEM,

Determine the internal loads in the structure shown in Figure
III.1lla,vwhere 2 doublers (a "stacked" arrangement) are attached to a
base structure,

£ o,
./ 2,
-2
o N
# ~ l - P_ - W W ? 2 ] W ¥ l PR #-
33000 | 1 1 7 S2000
; S T e " v -~ 'fr A ‘-!7 -
/ 2 3 o 3 6 7 8 9 /0
\——s

Figure III.lka, A Multiple Doubler Installation

The spring constants of the parts are

(a) kp = A7 x 106 for a1l fasteners, and
; (v) ksn = 2,47 x 106, kpln = 2,47 x 106, kDan = 1,23 % 106
Proceeding according to the previously outlined steps:

a. The two doublers, Dy and Do, are considered to be one integral
member, D, as in Figure III.13c, having

an = len + kD2n

b. A tabular analysis is then made (as in Article ITI.2) to deter-
mine the internal loads in this structure, D and S, and also the
strains in the member D. The results of this analysis are

shown in Table IIT.8 including the resulting strains in mecmber D.

g Since the structure is symmetrical only half of it is presented.
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TABLE III.8

RESULTS OF STEPS a AND b, FIRST TRIAL

ELEM, P Pp kp §p

(RESULTS OBTAINED FROM A TABLE SIMIIAR TO IIL.1):

1 7816 7816 | 2.47 x 106 ,00317
2 4700 12516 3,70 x 106 |.00338
3 |50 5106 | " 1.00koB
I 1290 1 1639% | " |.o0Mk3
5 399 | 16795 " .00U5} |

cs The two doublers and their attachments are then eonsidered
to be a structure subjected to the set of applied loads,
Pr, a8 shown in Figure IIT.1llb.

D,
2 =2
R S
L]

i

r‘rl

7816" 4700 2590 1290 399 | 399 1290 2590 Y5 676"

Figure IIT.1lib ZIoading Applied to the Multiple Doublers

4, An analysis of this c.ructure and loeding {ss iu Article
IIY,2) gives the results shown belew, ineluling the strains
in the menber Dj. Note that only clements 2 through 9,
comon to D1 and Do, are involved in this »nalysis, as
indicated in Table III.O.
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TABLE III.9

RESULTS OF STEPS ¢ AND d, FIRST TRIAL

ELEM,

PRy Dy D1 §n

(RESULTS OBTAINED FROM A TABLE SIMITAR TO IIT.1)

1 - 7816 | 2.7 x 100 |.00317

2 | 209 | 10107 " 00409

3 ¢ 1ko | 11287 " 0046

L 719 | 11858 " 00408

5 i 198 12059 " 1 ,00488
Note that the values Ef;ln differ considerably from s Dn
(previous).

e, An effective kp 1s then calculated for each of the com-

bined doubler elements as

5Dn
KDege., = kDy X

where kp, is the value in the previous step a, This is
shovm in Table III.10.

TABLE III.lO
RESULTS OF STEP e, FIRST TRIAL

EIEM.|  kp §p | vy | ¥DersD X j‘:%i—-
1 |2.47 x 106 |.00317|.00317 247
2 [3.70 x 205 |,00338 |.00%09 3.06
BT e e e RS
) i " L 0043 |,00480 3.1
. 5 " L 00k5h |,00488 3.4k
62
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steps (b) through geg
of kpers, in step (b).

are then repeated using the values

The results are sumerized below,

RESULTS OF STEPS b THROUGH d, SECOND TRIAL

STEP b RESULTS

STEP ¢ & 4 RESULTS

BLEN. | o Pp |Deps¥ 107 $p Pni Pm ) D3
1 |76341 7634| 2.u47 .00309‘i -=| 7634 2.47 },00309
2 |hs50 (12084 3,06 +00395{2330| 9754 " 00395
3 |e510(1k504| 3,28 -004h5 .36k [10000| +004l2
L f1292 15886 3.4 +O00u66|t 695 j1akg7| 00466
5 | 8630w 344 |.oob7hf 183f1a732| " |.o0u75

Since the strains 1)g and J Dy,, &re essentlally identical, it is not
ow

necessary to carry

step e Bna repeat steps b - 4 again,

The finel loads (from steps b - d above) are then as shown in Figure

IIT.lbe.
Esm.
[
? ...... > - o 0w ameeda) B o o P L]i
e e e a N o
2230 1307" 695 183 182 695 364 2230 D,

—— e Ne o N

P> N S A .

e - - e
2039 py® 250% 292" w8*

e I R N . T

— e e ES 2N

6™ 1292% psso” yyso* szt
o [ o A . [, S

30087 £ ¥ ¥ %

e A

e T
A > a8 \ ? s 70 33}(?00

Figure III.lhc, Fastener Loads in a Multiple Doubler Installation

Although this anelysis was accomplished in only two sets of
steps, others might require more than two., A computer progrem ic also
presented for this procedure in Section IV and checks the above results
quite closely, This routine is, however, limited to only one extra
doubler (and does not account for slop or plasticity),
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III,9 ANALYSIS FOR THE CASE OF A WIDE BASE STRUCTURE

The previous method of analysis requires only & single defini-
tion of AgEg for each element of the base structure (and of A
the doubler elements), From these the spring constants, ks, are calculsted,
and used to campute the strain in the members, However, as seen in
Equations (31) and (29), it is assumed that only ome value of kg(at each
element) applies to all loads acting on the element being considered,
as accumilated in Equation (29). This would actually be the case only
for relatively narrow base structures (or doublers) having a width of,
say, up to 10 times the fastener diameter, When the member is "wide"
the fastener loads are not "immedistely" effective over the entire
cross-section, That is, each fastener load "diffuses" into the base
structure (lengthwise) in a manner similar to thet considered in eval-
uating "shear-leg" effects. Therefore, at any element of the basse struc-
tures, the effective width (and area) is, generally, a differeat value for
each of the fastener loads being accumlated at it in Equation (29).
Hence, Equation (31) would be more arcurately written as

n n
) W) Vm
n

Cey), L5,

It is probably sufficiently accurate to deal with tke wvalues
(AgFg)., in the first 2 terms as discussed in Section V, * But the
value Of AgEg in the last term is more accurately evaluated by consider-
ing the diffusion mentioned above, This is illustrated in Figure III.1l5,

f—LD&E OF BASE STRUCTURE

— CoTr-OFF Line

(Az so A LyF-
U SION Z/Mé')

VFRUSION

Y
——

SASTENERS

Figure III.15 Doubler Installed on & Wide Bage Structure

% There is also & diffusion of any intermediate loads (qaLn)into the
base structure, However, this effect is not as severe and such loads
are not generally present, so0 the suggested analysis is not further
camplicated by including it.
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Thg diffusion lines assumed for each of the fastener loads are
shovm (a 45" slope is arbitrarily used). A "cut-off" line eminating
from the last fastener (#8) is shown., This is simply a "reversed" diffue
sion line at the last fastener, The effective width of the base struc-
ture at any element (center) for any fastener load (the last term in
Equation 31a) will then be the smallest of the widths between

a. the diffusion lines, or
b, the actual edges of the base structure, or
¢. the cut-off lines

Therefore, for each base structure segment there will be a specific
width for each fastener load to the left of it., A proper definition
of the diffusion lines must be determined experimentally.

The result of this additional refinement (i.e., the various
effective widths as defined by the diffusion lines) is to predict smaller
fastener loads (and a smaller doubler load ) than would otherwise be
predicted, However, it does involve considerable additional computation
effort, there being essentially 2 extra columns in the table of calcu~
lations for each fastener, The following example illustrates the details
of the analysis and shows how the basic table of calculations is revised
to account for the diffusion effect,

In general it should not be necessary to account for this dif-
fusion effect in the doubler, only in the base structure, This is
because the form of the doubler is (efficiently) such as to allow the
fastener loed to be, essentially, constant over the cross-section, That
10, as the doubler widens more fasteners will usually be added, and, more
importantly, where the fastener loeds are large (at the ends) the doubler

is, by nature, narrow rather than wide like the base structure. Similarly,

in splices it should not usually be necessary to consider the diffusion
effect because of the natural (narrow) form of the members, More specific
suggestions for establishing the diffusion lines in practical problems are
presented in Appendix I,
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EXAMPIE
A doubler is installed on a wide base structure as shown in

Figure III.16.
/—BAsf STRUCTURE
Drrrdsron [mes - ‘
Cwonww Ar 95 °) h f Gor-One Luve

o\

"

Y
Q

\
/’ SASTENER

/

()

Figure IIT.16 A Doubler Installed on a Wide Base Structure

The following properties and load are assumed for the example:

ADED 6 _ AsEg

ke = 100,000#/in., kp =~ =1x10, kg = =hx106

6

6
ADED= 1x10°, AE=Lx10

, Q = 10,000 #

For the diffusion lines as assumed in Figure III.16,the effective AE/L
of any base structure segment , for each fastener load, n, to its left
is shown in Table III.12. These are obtained as previously discussed,

4 gk ———
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TABLE III.12

BASE STRUCTURE(%ff FOR FASTENER LOADS IMPOSED

E
EFF. &8s FOR FASTENER LOADS Pp,
L

ELEM.
PFl PF2 PF3 PFl‘_
l 500,000 - Ll -
2 1,500,000 500,000 -~ --

3 1,500,000} 1,500,000 500,000 ——

4 | 500,000 500,000|500,000f 500,000 |

The analysis is carried out in Table III,13, This table is similar to
the cogyentional one (Table III.1) through Col, . Beginning with
Col. » however, additional columns are provided to define the
spring constants (AE/L) for the effective widths of the base structure
as defined by the diffusion lines. There is a column for each fastener
(except the last), Col. through @ . Then an additional set of
columns, 19\ through @2 » is provided for the values of strain, P/k.
These strains are gummed up in Col. (23)and subtracted from the strein
(Q/ks, ) in Col. (2B to give the net Btrain in the base structure at
the fastener, The difference in strain between the doubler and the base
structure at each fastener is computed in Col. o
The fastener loads are shown in Col. (6) . The final loads
should in this example (from symmetry) be symmetrical about the center
fastener, #3, and the center fastener load should be zero, This is not
quite the case, but is probably due to the assumptions made in accounting
for the diffusion effect. However, the method is believed to be suitable
for common engineering purposes and is mare accurate than ignoring the
effects of diffusion altogether. The results obtained when the diffusion
effect is ignored are shown in Table III.1l4, Cal. 662 o It is seen that
considerably larger fastener loads are predicted in Table III.lh.

Some suggested practices for practical design purposes are
presented in Appendix I, Articles AIL.6 and AI.7. These are based upon
the results of the test program and related calculations for doublers
on wide base structures.
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SECTION IV
COMPUTER ROUTINES

IV,1 INTRODUCTION

Because of time and/or the complexity of the doubler or splice
& hand analysis may not be feasible, A routine for determining the internal
load distribution by computer iz then desirable or necessary, One such
routine, using a digital computer is presented and discussed in Article
IV.2. Another method, using an analog comput=r is discussed in Article
IV.3. Other digital computer routines including one designed for ices
with miltiple members ("stacked" splices) are mentioned in Art, IV.4, All
are based upor. what 18 referred to as the elementary theory in this re-
port.

IV.2 GENERAL ROUTINES FOR ANALYSIS BY DIGITAL COMPUTER

Routines have been established far accomplishing the analyzes by
digital computer, The routines essentially perform the same operations
as shown in Table IIX,1l and III.2 and their accompanying discussious in
Section IIT. In addition, the routines have been extended to include the
effects of fustener (joint) plasticity and to present the residual loads
existing after an excursion into the plastic range of the fastener loed-
deflection curves, The weight of the doubler is also computed, This
weight does not allow for the holes or for the weight of the attachments
themselves,

The basic input data is the same as for the hand analysis method,
However, the computer calculates the spring ~onstants of the axial members,
requiring an input only of the width end thickness of the members and the
fastener hole diameters, Also, it is not necessary to make the-initial
"guess" for the end fastener loed since this (and subsequent guesses) is
made by the computer.

The program for the doubler analyses is presented in Figure IV.l.
The computer programs for a splice, for stacked doublers, and for stacked
splices along with the data and output are presented in Appendix III. The
splice program is almost identical to that for the doubler, The stacked
doubler and splice programs are for elastic problems without slop. The
other programs include provisions for both ";lop" and fastener loads in
the plastic range.

The first 34 program lines are format, dimension, integer or
double precision statements, Statement 35 reads the number of problems
to be worked during the run, Statement L4l reads the problem configuration
number and case number, Statement 4k reads if residual loads are desired,
A pogitive number if residual loads are required and zero if nct, State-
ment 45 reads the modulus of elasticity for the base structure and doubler,
Statement 46 reads the rows of fasteners in the problem and U7 reads the
doubler density,
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Statements 48 - 56 are data write statements. Statement 63
reads the average length, width, and thickness of the doubler in front of
the rirst fastener for weight calculations. Statement 64 reads the data
for each station and statements 66 - 67 writes the data out., Statements
70 =« 71 calculated the base structure and doubler spring constants for
each fastener station, Statements 76 - 78 calculates the doubler weight.

Statement 79 reads the axial load on the base structure, State~
ments 92 - 97 reads and writes the fastener spring constants and "ent-off"
and allowable load data for the specific spring constants, Statements
110 <152 change the fastener spring constant if the "cut-off" or allowsble
load for the specific spring constant used is exceeded, A fastener loade
deflection curve is illustrated by Figure IV.2 which explains the faztener
cut-off and allowable loads, The multiple slopes of the load-deflection
curve allow an accurate fastener spring constant definition to bte used.

If desired,less than six slopes can be used,

Statements 155 - 157 calculate the first fastener load guess.,
Statements 159 - 222 change the first guess fastener load to a number
nearér the actual fastener load, If the problem has a sloppy first fast-
ener, the second fastener load is adjusted, If the Xoed is increased un-
til the slop closes up in the first fastener, the first fastener load is
adjusted for subsequent load increments.

The total load is compared to the doubler load as the doubler
loed after the last fastener, The doubler load must be within less than
25% of the total applied load after the last fastener. If the doubler
load is greater than 25% of the total load (magnitude), the first fasten-
er load is adjusted by + 125 1b, to - 500 1bs, to 1.x10-9 1bs,

If the firat fastener load is adjusted by 1.x10"10 pounds and the
doubler load after the last fastener is not equal to zero,the problem
is too sensitive and a sclution can not be obtained without combining
some of the fasteners into groups as explained in Article III.5 and Figure
IIiT.9.

Statements 22t thru 270 are the first fastener load and calculate
the remaining fastener loads, doubler loads, and base structure loads.
¥ithin this section, statements 235 - 253 -check each fastener station for
sloppy fasteuners, If slop is found at a station,the fastcaer load at
that station is made equal to zero and the base structure spring constant
and the doubier spring constant for the preceding fastener is combined
with the spring constants at the sloppy fastener station. Statements
27k thru 279 check the doubler lond after the last fastener and if the
megnitude is not less than 25% of the applied load the first fastener
loed is adjusted.

Statements 281 thru 288 adjusts the third point first fastener
load if the third point extrapclation does not dictate a doubler load of
zero after the last fastener,
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Statements 289 thru 320 involves makinrg a second guess based
on the first point. After the second guess first fastener load is
obtained the doubler load, base structure load, and the remaining
fastener loads are calculated.

The statements 321 thru 409 calculates the third set of
date points based upon the first two sets of points. The extra-
polation, statement 393, is method used to "zero in" on the correct
fastener loads., The terms of this equation are doubdble precision,
gixteen significant digits, to allow the needed accuracy for the first
fastener load extrapolation. If the third point extrapolation does
not "zero in" on the correct load, statement 403 thru 407 sends the
problem back to statements 281 thru 288 to make the needed adjustment.
Within this third point calculation are statements 343 thru 360 which
checks to gee if slop is taken out of the problem and statements 370
thru 388 to see if the fastener cut-off load or allowable is exceeded.

Statements 430 thru 432 calculates the slop remaining at any
fastener as the doubler is loaded,

Statements 446 thru 46l keeps a record of the loads and totals
the loads as the doubler is loaded. If the fastener cut off load is
exceeded the spring constant is changed for that fastener. If any
fastener cut-off load is exceeded or slop removed, the same process is
repeated with the changed spring constants and the remaining loads until
the total loed is carried by the base structure and doubler, and the
fagstener cut-off loads or the allowable loads are not exceeded. If the
fastener allowable is exceeded the problem goes to 48 thru 483 where
the fastener, the failed, and the total load at failure is recorded.

Statewent 491 writes the load da‘a at each station after the
problem is complete. Statements 497 and 499 writes the doubler weight.
Statement 500 checks to see if residual loads are required. Statement
502 checks to see if all of the problem sets are complete.

Every program follows the basic format of establishing two
data points and solving for the third correct point. Example input

and example output data is shown on the following pages in Figure IV.3
and IV.l4 respectively.

The data for the plastic doubler and splice camputer is
explained in Appendix IV along with the stacked splice and doubler data,
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C PLASYIC DOUBLER

S.0001 276 FCRMAT(//1X,3THFIRSY FASTENED? FAJLURE AND TCYAL LGAD//)

S,0002 455 FORMATE IXg2HXL 95X o3HXD 193Xy IHXMC 93X 9 3HXLU 15X 9 IHXTS 93X 9 IHXWSy 4X,
X2HXS 2% FHXNR 92 X9 3H XCO)

$0002 462 FCRMAT(//1X,4HXQI=4FT.0)

55,0004 45] FORMAT(//1X,13HCONFIGURATICN,1X ,4HNO.=,110)

S.0006 452 FORMAT(1X,4HCASE,1X,4HAC.=11N)

SaNene 457 FCRMAT(]1X,3HXN=,F6,0)

$.00217 454 FORMAT(/1X,4HPLA=,FE,0)

$.0008 455 FORMAT(1X,4HXED=,F9,0)

$,0009 456 FORMAT(1X,4HXES=,F9.N)

S,0C1C 438 FORMAT(]X,3HXW=,F6,4)

$.0011 8S7 ECRMAT(F1r,?2)

_ $.0012 461 FORMAT(IHT o1 XoBHXAL (T 1) 92X BHXAL (192)92X8HXALLT93),2X,8HXAL{E,4)

192X AHXAL (1,50 92X, BHXAL(T1,6))

S.N13 467 FORMAT(IHY 41Xy BHXKACE 31) 03Xy BHXKA(I92) 33X ,8HXKA(I93) 93X, BHXKA(T,4)
Yo 2Xp BHXKACT 35) p3X,8HXKA(T46))

S."P14 453 FCRMAT(1HY 20X, THDOUBLER,,1X,SHINPUT)

Se€0C15 45t FORMAT(Z110Y

$.C016 27 FORMATIF13,3)

§,0717 28 FURMAT(//3%, THOQUBLER 2 X s6HWE[GHT)

S.0r18 28 FORMAT(F6,4)

S2C016 17 FORMAT(34X,THDOUBLER 1 X s3HANS/)

S.0020 14 FCRMAT(F&,7)

S.C221 12 _FORMAT(F7,0)

45 RMAT{1%,3HSAYs ) Xo6HFELLC1H o o4HTHES o 1X, THPROBLEM, 1X, 2H1S, 1X

X3HT00,1X s IHSENSITIVE,1H, ¢ THREGRCUP, 1X y9HFASTENERS)

$.0N23 1S FCRMAT(1Xp2HXZ 32X 3HXAR 93X 3 3HXKAp TX 9 3HXPA9S5X 9 IHXDL 9 6X 9 2HXKD
126X, 3HXQT,5" 3HXQB,8X43HXKS)

S.,0024 18 FCRMAT(2FY! )

S.0025 21 FCRMAT(EF10.7)

Sa0026 2¢ FORMAT(6F11,0)

S 1027 1" FCRMAT(8F10.4)

F6e2eFB:59F603F6,2,F6,34F4.0,F7,N)

S.0N2¢9 16 FCRMAT(F4,0,F4,0,FG,2,2FB,CyF11.0,2FB8,0,F11.0)

SaCnan DIMENSION XKD(9G) XKS(S9) 2 XKED(99) o XKSS(99) XL SS(°9)

S.00231 DIMENSION XL(SS) o XDT(SS) s XKWL (99) o XLKI99) 4XTS(99), XWS(9S),
1XS(99)~ XNP(99) 2 XQN{TG) ¢ XLULGID 5 2(99) 4 XQK(I9)

Se0N22 DIFENSION XKA(SG,6) yXD(SS) 4 XPF(99) ,XB(99) ,XT(99),XTC(99)

§,NC122 INTEGER XSV XZPoXMC ¢ X0 g XTToXJIMoXCoRYT,PLA

$,0C34 COUBLE PRECISION XSOy XAS,XCS,XTDAgXR ¢XPAXZAyXZBs XDLAy XDL Be XTD,
1XQ8 » XBS g XRP o XDL o XAP (99) 4XLD{99) o XPQ(99) ¢ XALI{99,6) 4 XYZ4XP, XPR
1, XAW(49G) ¢ XA2(59) o, XSSP(S9)

$,¢0135 READ(S,14) XKP

$.0016 NKP=0

$.0027 NNP=XKP

S.Ce28 55 CONTINUE

Socnag Wi=n N

S.0c40 wS=0.0

S,0041 READ(5,45C) AAyAr

$,0042 NKP=NKP+1 .

Figure IV.1, Doubler Program
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1 n
S.CNG3 RYT=0
S, 0044 READ{S,14) PLA
S 0045 REAG(5,18) XED,XES
Se(N4E READ(C,14) XN
S.0047 READ(5,25) XW
S.NC48 wRITE(€,453)
: $.0174S WRITE(E,451) AA
S.Lnsn WRITELE,452) AB R
$.0n%) WRITE(£4,454) PLA
! S.0052 WRITE(€,455) XED
S.0Nns2 WRITE(E4456) XES .
S.CC84 N=XN
SeCNSE WRITE(€4457) XN
S.005%6 WRITE(%,429) X Vo
$.0087 XLRP=1,0 -
: S.00%¢ DC 1Cf [=1,N ~ i
A S.GP‘S‘; XM\(“="." i
S.C0EC 15F 2(1)=1. 3
S.CCE1 NT=N-1 !
S.0062 k=0 :
: $.00€3 READ{E5,10) XDTA,XkDA,XLLA L
A S.0N64 READ(S YD ICXUCTY g XCTUT) o XWD(TY JXLUCT) oXTS(T) o XWS (1), ﬁg
g XI=1,N) XS{T Yy YNR(T 1y,
[ READ(S5,857) {X3C(I),1=1,N)
S.NNEE WRITE(£,455) .
S.N0¢&7 WRITE(6411) (XLCT) o XDTCI) o XWO{T) o XLUCT) o XTS(T) 4 XWS(T)
TXNR(T) 2 XQC(I) s I=1,N) ' XS(T1), ,
3 S.CCER DU 195 I=1,N ;
S.00eS XKLL )=04y b
: $.0070 XKO{T)=xGT(1) *XwD (1Y *XED/XLU(T] s
; S.0071 AKS(T)=XTSOT Y *XWS{I Y *XES/XLL(T) P
S.0072 XKSS(I)=XKS(1I) K
) S.NC73 XKDD(I)=XKD (1) :
S.00175 XLSS{I)=xS(I) i
% S.NCT6 165 XwT=XLUCIVAXKD (T} #XOT(I) *Xn4XhT [
) $.0077 XKT=XLUA*XhDA*XDTA 3
S.C078 XhT=Xh T+ XKT* X — %
S.0017S READ{5,13) XxQP 2
S.0ran xCI=XQP ] 3
s.0cal XTQ{N}=C.0 -
g S.00€? GC 10 575 ;
: LCLE3 G7¢ CCNTINUE
4 S.CCa4 RYT=1.
S.ONgs XQI==XTQ(T)+XTQ{I) /7 XYR*XQQK :
S.NCHE 00 1755 [=1,N ;
S.0ra7 XCO{I)==XQK(I)
S.0NE8 XS(I1=xXLSS(I)
S.0C8S 1055 CONTINLE
S.00690 PLA=N,.C ;
<. 0051 676 CCNTINLUE ;
k-
Figure IV.l, Doubler Program (Continued)
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S.NC92 READ(S4s20)( XKA(T y1) g XKA(T 32 ) o XKA(L93)oXKA(L,4)XKA(I,5)XKA(I,46)
141=14N)
S.0NG3 READ{Ss 21 IXALCT g1 ) o XAL{T 92) o XAL{T 3} o XAL{T,44) XAL(I,5)yXAL([+6}
1:1=14N)
§.0064 WRITE(E&,4¢€C)
S.N0g98 WRITE(E92C) (XKA(T o1 ) o XKACT (21 o XKA(T 93) ¢ XKA(144),XKA(1,5),
1XKA(I'6)'I=I'N,
§.006¢ WRITE(E946€1)
S.C0G7 WRITEL Gy 2 V) (XALCI o1 ) o XALUT22) 4 XAL(I,3)XAL(T,4),XALLI,5],
I1XAL{I46)41=14N)}
S.ONGR WRITE(E,462) XxCP
S.CCGS XlP=0
S.r1gn xXy=G
S.C1C1 XP=0,00
S.P102 YAv=1,
500103 XTT==1,
S.01C4 XS1=0
S.0105 XPR=0
Sa010¢ x1p=0
S.%1C7 J=1 —_
S.0108 I=1
Sa.Cl0S GC_TQ 43C
SeCl1C 4°C CCNTINUE
S.C111 Wiz},
- ! S.C112 WS=0,"
-..f | S.7113 IF(.966S=-XP) 302,302,1758
. 3 ! S.N114 1768 CONTINLE
R ' S.C11¢ [F(XxP) 401,13C2,401
BN S.C116 13r2 CONTINUE
S.0117 [F(ABS(XCI)~-ABS(XQP)) 4C1,302,401
toe $+0118 41 CCNTINUE
~ 3 ) S22116 DQ_10CE [=1,N
{ '.} S.¢12¢ XQC(I)=XQC(I1)*(}.-XP)
. S0121 1615 CONTINUE
: -f, S:0122 XCI=XCI*{1,=XP)
: ? S.R122 458 CONTINLE
) Se0124 X2e=0
S$S¢0125 Xy=90
505‘126 XA"':]Q
S«C127 XT1Tz==1,
SQ,’IZB XST="’1. -
SsC129 [F{XUT) 279,43C,371
| $.C130 371 CCONTINUE
5 SeN12] JJJ=2K
S.C1732 IF(Z(II1)=~¢€,) E4C,840,G5G58
' $.0133 f4r CONTINUE
. Sef174 IKA=XAL(T11,)JJ¢1)
R A Se013% [F{(IKA) 669,665,368
el SeN13¢ 368 CONTINLE
. S.C137 XKA(LIDod d=XKAC(IIl,JJJ+1)
S.0138 XAL{IIloed I=XAL(TIT,JJJ¢1)

T A ety e pTemse e O

Figure IV.1l, Doubler Program (Contimued)
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S,"113¢ LI =7K+]),

Seft4r GC 10 237¢

$<£14] ccs II=111

SeCl42 GC _T0 698

Sa0142 377 CCNTINCE

S.C144 Jd=YK

$20145 (I )=YK+]1,

Safi4é IF(Z{IT)-€,) 7S,76,46568
S.0)47 76 CCNTINLE

S.C148 IKS=XAL(II,JJ+1)

S. 01465 IF(IKS) 665,658,426
S.£15¢C 426 CCNTINLE

S.C151 XALCIE,Jd J=XAL(II,JJ+1)
S.C152 XKACITod V=XKACIT oJJ+1)
S.C152 430 CCNTINUE

S.01F54 I=]

S.C1¢8 XAEU=XDTLI}*XWD(I)*XED
S.N1E¢ XAES=XTS(I)*XWS{I)%*XES
S.C187 XPA=((R./XN} /(XAED+XAES) ) *XCI*XAED
S.N1SE GC 10 ¢t¢

S.1156 46 [F(x2P) 1832,18N,181
Sorléc 181 XA~=.1

Soclél XJ~=10

S.01¢2 x11=1,

S.C1¢3 XPA=XR+XAM

S.1€4 GC 16 22

S.Qles 18C xAM=125,

SeC1é6 XPA=XR+XAM

S.L167 X17=0

S.C1¢8 GC To 22

S.C1£S 183 JF(XMC) 1E€,165,4184
S.C177 184 XAM=,7C1

S.C171 XPA = XR+XAM

S.N172 XJM=0

S.7173 GC Tg 22

S.0174 185 XANM=,Q00N1

S:C1171% XPA=XR+XAM

Sa"176 XJM==1,

51717 XQ==1

ScC178 GC 70 32

$,C176 18¢ IF(XC) 187,188,189
S.C180 187 XAp=.,Cr0nn0)

S.0181 XPA=XR+XAM

S.n18R2 xXQ=0

S.C1€3 GC TO 3?2

S.n"184 188 XAM=,0CCO0CO0NN1

S.C185 XPA=XR+XAM

S.C1E6 XQ=1.

S.0187 GO TO 32

S.0188 125 CONTINLE

S.C18¢ WRITE(£,46¢)

Figure IV.1 Doubler Program (Continued)
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S.t16r GC 10 866
S.7161 81 JTF(XTT) 21,724,313
S 162 14 XANz=-F,
S.71¢2 XPA=XR+XA¥N
ST 1C4 xZe=1,
S.C1¢¢ GC 1C 2?2
S.C16¢ 23 JF(XJIM) 237426455
$."167 28 XANM=-,C1
Se.f168 XPA=XR+XAW
S.'T‘;q XNC=1,
5."?"-" xIP==1,
S.n2r1 GC 16 ??
So"?.?? 1€ xAN:—.f‘-f'-"]
T §s.r2a3 XPA=XR+XAH
T TS.ro74 XVC=(

_S.02C8 GC 1C 22
_._.S.C2°¢ 37 [F(xQ) 28,3G,40
S.C277 28 XAM=-,"rCC]

S.T?78R XPA=XR+XAM
_ s.rch X"=-'1.
S.f‘?l(‘ X-VC=-1.
S.C211 GC 10 2?2
S.0212 G XAVMz- "N rRY
S.N0212 XPA=XR+XAM
S.r214 X~=n
§,021% GC TQ 22
S.N21¢ 4r XAN== Cr00CRCC0)
S.r217 XPA=XR+XAM
Ser218 X&=]
S.r216 GC 10 22
S.f'??-'f 271 XAM==5"0,
S.0221 XPA=XR+ XAV
T S.r222 17 XR=XPA
§.r2212 =1
S.'774 56 X2A=XANR({T)I®XPA/XKA(T J)+XS(I)
S.022% XN s=n
$,022¢ XCLA="
S.0227 X7=(
S.02728 x@Ss=n
Se.f22¢ XR=XPA
. .5.023r XTDA=XR o
Sefi22V xTD=X7ZA
50222 GC_TO 8r
. ....5.0232 81 CCNTINLE
__5.0234 [=1+1 —
S.0£238 XT10=xTN-XDS
SeN23¢ 8- CCNIINUE
S.237 XAS=XTD
S.C228 IF(XSUI+1)) 426,428,424 .
_.S.0228 4724 CCANTINLE
S.C7240 XPA=N,C

Figure IV.1., Doubler Program (Continued)
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SeLz41 [F(XLRP) 165,1&5,10C1 __
___Ser242 1271 CCATINLE ]
S.0243 IF(XxZ-XN+1,) 561,165,165 e
Y 561 CONTINLE
5245 XKCO(I)=XKD (1}
_ _Sa.r24¢ XKSS{I)=XKS() i
50247 GC T0 165 .
S.0248 428 CCATINUE o
$.7246 IF(I=-1) 9SG,42¢€,4725
S.COE0 478 CCANTINLE
S.r281 IF(XS(I)} 427,42€,427 B
S.N282 427 CCNTINLE )
. S.r2%3 ~ XKOD(1)=XKD ()
S.N2E54 XKSS(I1=XKS(T) o
S.C255 426 CONTINLE
S.G25¢ XPA=XAS#XKA{I,J)
S,r257 165 CCNTINLE
S.l2FE XOLA=XDLA+XPAXXNR(] )
S.02¢5¢ xSO=XLCA/XKDG(1)
___S.C2¢" XaS=XLAI)¥XCP(I)1+XQS
S.C2€1 XCT=XCS+XQI
SeN2€2 XoB=XGT-XCLA
S.f267 X3S=XQR/XKSS(I)
S.0264 X9 S=XB S-XSD
_ .. S.02€5 X7=X7+1.
S.C2¢¢ IF(XST) SFC,5G€,5R9
S.C267 5GE XYR=XGS+XCP
S.2¢8 XCQh=XCS
S.026€6 SAC CCATINLE
§.021¢ [F(XN-XZ) 1€1,171,R1
S.027 1€1 CCATINLE
$.0272 IF{XQT) 222,853,238 _
S.0272 233 CONTINLE
S.0274 IF(XDLA/XCT=425) 47,442,445
S,0218 47 IF(.25-XDLA/XCT) 51,453,523
 S.C21¢ 23% CCONTINLE
$.C277 IF(XDLA-.25#XQT) 57,57,51
S.N278 57 IF(.25%XCT+XDLA) 46,53,53
$.7275 52 CCATINLF
____S.028¢ GC 10 11
S.0281 Aa CCNTINLE
S.C2€2 xZA=XTDA
S.C2€2 XDLA=XLO(I)
S.C284 XR=XRP#XKA (T ,J)
5.028¢ 1=1
S.r2EE XZR=XZA+XDLA*(XZA-XZB)/(XCLB=XCLA)
S.C2617 XPA=XKA(I ,J)*(X2ZB=-XS(f))
S.C28E. 1F(XZ8-X7A) 65,659,95
S.028¢ 71 (=1
S.025C XPA=SXR+XAM/ID,
$.0261 124 XZB=XNR{I)*XPA/XKA(1,J) ¢XS(1)

Figure IV.l. Doubler Program (Continued)
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S.0252 S5 x1ID=X18 L
$.0253 XR=XPA
$.02%94 x0S=0
$.0255 XOLE=0
S.026G¢ x2= _
S.C267 xyS=0
$.0268 GC _T0 84
S.C266 85 CCNTINLE
§.0200 I=1+1 .
S.n201 84 X1D=XTD-XDS B
S.C202 XAS=XTD
S.01203 IF(XS(I)) 416,418,415
S.C204 416 CCNTINLE
S.C2C5 XSSP(I)=XTD
S.C20¢ XPA=0,0
S.0307 GC_TQ 265
___SeC2s 418 CCNTINLUE
S.0206 XPA=XAS*XKA(T ,J)
§.031C 2€5 CONTINLE
S.C211 XOLB=XOLB+XPA*XNR(1)
S.C212 XSD=XDLB/XKDD(I)
S.0313 ¥QS=XL(T)#*XCC(I)+XQS
S.C214 XCT=XQS+XQl
S.C215 XQB=XQT=-XDL8
S.C31¢ X8S=XQB/XKSS(I)
5.0317 XDS=XBS=XSD
S.0218 XZ=XZ+1,.
S.0216 IF(XN-XZ) 1C2,103,85
S.0220 173 CONTINLE
$.02321 87 CCNTINLE
S.0322 XPR=0
S.0223 xZ=0
S.0224 [=1
S.032¢ XL(1)="
S.032¢ XQS=0
S.C327 X0S=2
500328 Xy=0
S.0226 XpI=0
S.C320 XYF=XP
§.0331 XUT=0,.0
S.0232 Xp=0,n
S.0223 121 XTD=XZB+XDLB*(XZB~XZA) /{XCLA-XDLB)
S.0234 XTOA=XTD
S.0235 127 XRP=XTDA
S.C226 GC 1O 8¢
$.0217 74 CCNTINLE
S.C3138 [=1+1
$.,0226 X10=X10-XD§S
S.0340 86 CCNTINUE
S.C341 XAS=XTD
S.0342 IF(XS{I)) 4CSG.4C8¢4(Q

Figure IV.1, Doubler Program (Continued)
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S.(12432 409 CCNTINLE

S.N344 XAP(1)=C,0

SeC 248 XSSp(I)=XTD

S.024¢ WI={DABS(XTD)=XS(1)) /BABS(XTLC)
S.(247 IF{wT} 28G,3¢0,36"
S.N248 386 CCATINLE

‘S.C24¢ wWI=C.0

S.r280 GC TQ 222

S.0251 36 CCNTINLE

S.03252 WT=ABS(WT)

S.0 3253 IF(WT-XP) 2324374,375
$.0354 375 xP=nT

S,N36¢ 1i=1

S.C2¢¢ GC_T0 232

S.N257 374 CCNYINUE

S.C2¢¢ 11i=1

S.0356 GG 10 232

Sl.C2¢0 4C8 CCNTINLE

S.C2¢€1 348 CGNTINLE

S.C32¢2 XAP(I)=XAS*XKA{I ,J)
S.C2¢3 XA2(I)=XTD

S.C3¢4 365 CCNTINUE

S.C348 IF{rYT) €4E,648,321]
S.C3¢E £48 CONTINLE

S.C3¢€7 [F(XST} €37,50¢€,599
S.,G3¢E GrG CCNTINLE

S.T26S XPF(I)=0

S.0270 G37 CCNTINLE

S.N27% XYZ=XAL(I,J)-ABS(XPF{I})
S.0272 IF(DABS(XYZ)I-DABS{XAP{I)})) 316,306,331
$.,0273 304 WI=DABS{XYZ/XAP{I))
S.C3174 WS=XxP

S.00217¢ WI=le=hT

Sef37¢ IF{ WT-whS) 21,306,308
$.0377 3CC CONTINLE

S.C2178 [11=1

SeC2176 I¥=2(1)

S.02Er XUT=1,

S.038) GC TO 3232

S.r3€2 are 11=1

S$.0223 YK=2¢1)

S.C2E4 XPI=1.

$.03865 XLT=-1.

S.C28€ XP=DABS{XYZ/ XAP(1))
S.C3817 XP=1,-XP

S.f 288 GC T¢ 332

S.r286 331 CONTINLE

S.£26¢ 2372 IF(l-1) 718N,775,75¢C
SeC361 775 XLD(I)=XAP(I}*XNR(I)
$20362 GC 10 gere

S»€32612 787 XLD(I)=X{D(I-1D+XAP{T)*XNR(I)

Figure IV,1. Doubler Program (Continued)
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S.0364 817 CGNTINUE :
S,036% XxSC=XLD(I)/XKOD(1)
SeL 306 XGS=XL {1 ) *XQO(1)+XQS
$.C357 xCT=xCS+ XAl
S.C358 XBQ(I)=XCT=XLD(I}
S.C 266 XBS=XBQ(I}/XKSS(I)
S.0400 XD S=XB S=XSD
S.0431 XZ=X7+1, E
S.0402 117 [F(XN=-XZ) 1r2,102,74
S.04N03 1€2 CONTINLE
SeN4N4 AXLD=XLD(I)
S.04C5 AAQT=.0r01%XxQT
S.04C¢€ IF( _ABS(AXLD)- ABS(AAQY )) B8N,880,.88
SeN4N7 R0 CCNTINUF
$.0408 IF(XS(IT)*1000,) 481,421,481 i
S.0409 481 CONTINLE
S.0410 XLY¥=C,C
SeN4l2 xS(I1)=0
I S. 0413 XKOD( I 1)=XKD(II) !
| S N414 XKSS¢IE)=XKS(II)
| S.0418 _IFLII-1) 479.421,41S
| S.NG16 475 CONTINUE
! S.0417 XKDD( TI=1)=XKD(LI-1)
| S.0418 XKSS(IT=1)=XKS{TII-1)
? S.N416 421 CONTINLUE |
.! S.0426 IF(XSCTTTI)*10CG.) 515,422,515
! S.0421 515 CONTINLE
I Se0422 XSCIII)=C0.2
| S.N423 XSSP(ITI)=0,7 |
| S.0424 XKDDCTIT)=XKO(III)
| S.0425 XKSSCITI)=XKS(ITI)
| ____S.042¢ XKCU(TII-1)=XxKD(III~1)
| S.0427 XKSSCITI=1)=XKS(ITI=1)
| S.N428 422 CGNTINLE
! S.0426S XP=1,=XP
!  S.0420 DC 1CR6 [ =1,N
; S.0431 XS(I)=XS{I)=-DABS(XSSP(I)*XP)
' S.04122 1007 CCNTINUE
| S.0433 IF(RYT) 70,7C,356
[ Se0434 7% CORNTINLUE
f S.04135 IF(XP) 25G,2C(,35¢
! S.T436 ca xp=1,
| S.0437 315G CONTINUE
S.0438 I=1
S.0436G XZ=1,
S.044C IF(XST) 737,707,599
S.0441 707 CCNTINGE
S.0442 IF(RYY) 7CE,7CE,737
S.0443 708 CONTINUE
S.C444 GC 1O 712¢
Figure IV.l, Doubler Program (Continued)
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S.0445 735 I=1+1
S.P44é 736 CONTINLE
S.N447 XBtI)=0C
$.0448 xD{1)="
S 0446 X1Q(1)=2C
S.C45% XPE(I)=n
S.045] IF(N=I) 9GS, 734,735
S.0452 734 [=1
S.T453 GC 10 7317
S.0454 65 CCNTINLE
S.0455 1=1¢1
S.04E6€ XZ=XI+1, ~ XOK(1)=XQ0({7)¥XP+XQK(TY
S.0457 727 caer~ue;4?__.,_/f
S.O4EE XPF(T)=XP*XAP{I)+XPF(I)
5.0456 XO{1)=XLO(T Y #XP+XD( 1)
S.C4ED XB(TI=xBC{I) *XP+XB(I)
S.C4é1 XTQ(I)=(XBQ(II+XLO(T) ) *XP+XTG(I)
S.CHE7 XBRUII=XTQ(I)-=XD(1)
S.04¢3 XLRP=C, 0
S.CaEh IF(XN=XZ) 3C1,301,65
S.04E5 3¢1 CONTINCE
S.04€E TF(RYT) 4€€,4£5,486
SeC4ET 4%6 CONTINUE
S.C4ER 17Q=XTC(1)
S.0466 [F(ITQ) 40% 43C2,4CC
S.C470 485 CONTINUF
S.0471 [YR=XYR
S.04712 T1Q=X7Q(1)
S.C473 711 CCNTINLE
S.0414 IF(IYR=-TTQ) 5C5,43(2 4400
S.0415 505 ABC=1ABS(IYR=11Q)
S.0416 IF(ABC-,"N1%*XYR) 302,302,305
S.C477 302 J=1
S.04178 GC_T0 2C4
S.0419 668 CONTINLE
S, C4EC xI=]1
S.0481 WRITE(£,276)
S.0482 WRITE(6418) XI.XTQ(I)
$.0481 GC 10 302
S.0484 303 [=]+1
S.0485 “ XZ=XZ+1,.
S.C486 GC_T0 419
S.0487 304  WRITE(E,17)
S.0488 WRITE(€,15)
S.G‘QBG Xz=lo
S (45N 417 CONTINUE
S.0461 WRITE(E,16) XZoXNRUT) o XKACI 2 J) o XPFUI)oXDUI)oXKD(I)
IXB8E¢1 ), XKSCI) o XTQ(1 ),
$ 20452 IF(XN=-XZ) 955,$59,3C3
$.0493 305 XP=( XYR=XTQ(I))/XYR
S.0454 X2=1.
Figure IV.1. Doubler Program (Continued)
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Se04S5 I=1

$.C466 GO 18 727

S.0467 GGG CCATINLE

S.0458 KRITE(€4+28)

S,C0469 WRITE(E927) XWT
S.05¢0 [F(PLA) GEBC,SRC,57C
S.CEC1 S8 CCNTINUE

SefEC2 IE{NKP-NNP) €8C,651,951
S.0%503 S51 CCNTINLE

S.NENY s1CP

S.0665 END

Fgure IV.l. Doubler Progran (Concluded)
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1
1,
132 Y 2 e
12
Pk |
s 1 .98 ot
1 172 1,38 1.0 alu? 2288 2 U leu
) B 279 1 0 3R 1a. o102 2 a88 ] Lt
A IPS) w172 1,28 1ali 2102 2488 PRVIVE Lel)
Y] AL 1 428 1aQ) 2107 Zabt aUU} lel
L ois it 1 428 il PRI VA 2 afie a2t 1 o0
Lol ll2 I ield s iuz Z e000 a1 1 a0
1.0 i1z 148 | at) al Uz Zabsd 2001 __iel
1.0 o712 1,148 ]l () alu’ Zalb8 2l it
1,0 S By 1,32 let alu? 2288 PRV) 1eu)
1. G PN B da 1428 lals alu?2 2288 PRVIVE ievu
1 0 70 1 .%8 1.0 P I 2288 2LOY lety
1. a2 1,38 lay 2102 2488 svul lev
1 a2 1,38 1ay2 2a1u? 7288 PRVAY N 19t}
LI 172 1a3% | P alu? 2488 PRUITE leu
1 o o 172 1,38 lev n1U2 288 QUUL loU
1 72 1,3R LPRY) alu? /288 aVJU L lev
P L-IN
926 .
L 1SN
296
el - S
'i'):v
208
~28
X
298
el X- S
alel-9
278
228,
el XS
SN
RN -TeTakal
117800, 1 860, KQ7 . e 2A2. .U, 1923 o 12900,
117600, 1 84600, ADT .y R2 1t e 12200 129t
1178100, 1 RA K0T, 0 s 1Y otre 1290y
11780, 1 Ran, A7 2Ly, 1972yu,e 12900,
V17800, 10854 Y ANT7 1, 2L 0, 1970y, leduue
11780 S, IfA i, [ X2 ATIN 220Uy, 1972vuu e lgvuyue
117600, 1%k N, A07 ), A20Uyily 1920 e léY ue
11760, 1 RA D, AOT g, A2uuvre L' vuie 124900,
13700, T 85AIU, 507, a A20uye lvg v, leduy,
1158, 1 _ S5A0L, 697y A e 192vuse 129yu,e
117600, 1. 86 ', 407 ..o A200uue 19200, 12900,
1174800 1 R4V, 0300 o 320U, 197200 l2Yuuy
117800, | I 60T ity KYAUVIVIN 192U, ledule
Figure IV.3. Example Input Data
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"
£
§ IRIVASAN PN 1 5400, HOT7 ) +p RA2UyUse 1320 178100
. 117500, 125400, 637y, o 3200, tzuos Lo e
v 1175800, LY S DM 6§97 o 2D i 19200 1 4% wite
i 750, 1126, 138N, 1550, 1A/Je 1 (™0
4 750, 1125, 123901, 1560 14lue 175 1
780, 1126, 1494, 1590, 1halue 175y ]
1oty - 1172~, i 1g L. Uy L1 Ue ii. e
% 15 0) , 1172%, | 4443, 15%0,e 16170, 1 i2Ue
781, 1125, 1394 LTI A L v
158, 1128, 1390, 15650, 14600 T A
i 750, 1125, 1390, 1550, 1470, 109 e
{ 750, 1]12¢%, 13640, 15510, 1h i, WENR
} 750, 117°, 1290, 1550, 14 7 LN
¢ TR", 11025, 139+, 15684, JAT o 1780y 4 E
780, 1127, 1490, 1550, 1470, 70, '
3 780, 1123, 12Q::, 1880 147U 175U ,
75, 1177, 1390, 1550, 1470, 17504
y 7ER. T1258, 149q0, 155 e 167U 175y, i
780, 1125, 1290, 1550, 16Ty 1750, 3
1178 vy, .
117800,
117:""').
3 117809,
3 117810, _ :
y 117690, b ‘
7500, ) i
] 117800, 4
1178003, :
117600, ;
y 117500, .
A 1175004 B
, 117800, .
3 117600, by
' 117800, f
117600, :
10900, ; 5
10000, é
1NONN, i
3 1ANA "%
;‘ 1a0n, 1
., 1AnN0, :31
10000, ;
10000, g
10000, B
‘ 1n0nn, 4
Eﬁ AN aTaIn} 'l.
100NN, ;
ARETAYIN ;
3 10000,
3 10000, i
k- 10000, | 3
3 Coa
: -
3 Figure IV.3., Example Input Data (Concluded)
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OUTPUT DATA

XZ = festener row

XNR(I) = no. of fasteners in row

XDA(I, J) = spring constant of fastener

XPF(I) = fastener load at I fastener station

XD(I) = doubler load at fastener station I

SKD(I) = doubler spring constant at I

XTQ(I) = total load at Station I

XB(I) = load in base structure at I

XKS(I) =

eftective base spring constant at I

XWT = weight of doubler

XD(I-1)
XB(I-1)

2—» XD(I)=XD(I-1)+XFF(I)
% —3 XB(I)=XB(1-1)-XPF(I)

Pyt il

-3

et e g o ——

Figure IV.4. Example Output Data
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RCUBLER INPUY

e o e i o e e =

_,ﬁﬁ&

CONFICURATION NO.= jrenren
CASE NO,= nearen
PLA= lo
XEC=13~cecr,
XES=103rrncr,
XN= 160
Xh=r,jnnnr
XL XLT XhC XLy XTS XhS XS XNR _ XQO
1.00000 2,072 1,38 1.,°0C00 2,102 2,88 L.0 1. 225,
1,000 C,C72 1,38 1.07070 N, 102 2,88 C£.10C 1. 225,
1,01 0,072 1,28 1,0°0N0 ", 102 2,88 C.N01 1, 225,
VoCOCAr T (72 1,38 1.°7°070 7,102 2.88 0,001 1. 225,
JoCCrON C,072 1,28 1,°700C (,122 2.88 £L.,0n01 1, 225,
1.0CC0L 7,072 1,38 1.00CC0 r,102 2.88 r,001 1. 225,
100CN0 F,072 1,38 1.,770CC 0,102 2.88 7.001 1, 225,
1,20CCC 0,072 1,20 1.°20090 €, 102 2.88 0.¢C 1. 225,
14ACCT0 £,072 1,38 1.,07000 102 2,88 CL.N le 225,
1,°CCCC CoC72 1,29 1,£7°0CC 102 2,88 C.001 1, 225,
1.7CCC0 C,CT2 1,38 l.,0Cr0C ,102 2,88 £.G01 1. 225,
1.0CCC8 C 072 1,38 1,7000C 0,102 2.88 0.001 1. 225.
l.€CC€CH £,C72 1,28 j,"°CCT 0,107 2,88 7,001 1. 225,
J.0Qrnr £,072 1,239 1,7900C C.107 2.88 7.601 1, 225,
1.0C60C €72 1,3E 1,0000F €102 2.68 N.,001 1. 225,
1.C0CCT £,072 1,38 1.0CCCE O, 1N2 2,88 C,0C1 1. 0.0
XKA(1,1) XKA(I,?) XKA{I,3) XKA(I44) XKA{I,5) XKA(1+6)
_ 1178rn, 1rEe0", €s1ce, 32000, 19201, 12900,
117180C, 178407, €S0, 32000, 19210, 12900,
1178r~, 10&8énr, €STCN. 32010, 19240, 12910,
11780, 1reenn, éscr, 32000, 19219, 12900,
11780, 1rrenr, e£sice, ja2rnc, 192CH, 12900,
1178rc, 178¢&"C, £51C0. 32079, 19200, 12900,
117&cc, 1regre, £S1CC. 3200n, 19200, 12970,
___11780r, 1regnr, £91°N, 32017, 19291, 12900,
L 1178c", 108¢nr, gsier, 32¢NN, 192700, 1290n,
117800, 108600, gsarr, 32009, 192049, 12900,
117507, |rsser, €S0 C, 32001, 19200, 12900,
1175600, 108607, £SICC, 32070, 19210, 12900,
117507, 1reerr, esice, 32Cne, 19270, 1290,
117¢6rC, 178617, éS00, 3acrn, 19200, 129N0,
1178cr, J"ERENC, £s1c0, 320140, 19221, 129nn,
1175, 1cEenT, €57CC, 32000, 192nn, 12900,
Figure IV.4, Example Output Data (Continued)
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XM (T.1) XAL(].2) XAL(I!,2)  XAL([.4) XAL(1,5) XA{(].6) - e '

750, 1125, 1350, 155N, 1670, 1780,
715G, 112¢. 135¢, 1550, 1570, 1750,
750, 1125, 1360, 1550, 1670, 175Ce . _. o
18, 1125, 1260, 155C, 16170, 1757, .
15¢, 1128, 12¢sc, 1557, 1670, 1750,
15C, 1125, 1357, 15584, 1670, 1750,
15¢, 1125, 136~ 1550, 1470, 175€C,
_ 18C. 1125, 126C, 156C, 167N, 1756, L z
15€C., 1128, 11260, 1557 157C, 1750, L
15¢C, 1125, 1360, 1550, 167N, 1750, _
150, 1125. 1136C, 156C., 1670, 1750,
15°, 112¢, 1267, 155", 167", 175C,
157, 1125, 1350, 1557, 1570, 1760, ,
780, 1123, 11360, 1550, 1670, 1750, f
150, 1125. 1267, 1550, 167", 175¢, :
_ 15T, 1125, 1350, 1580, 1670, 1750, ;
XQI= 18rce. L
DCURLER AAS C
X2 XNR __ XKA XPA XCOL XKC XQT XCB XKS C g
1e ls  2200"~, 1524,  1524e 1023407, 18225, 116701, 23IN25724, :
20 10 ll‘]t‘:ﬁﬂ. ro 15?4. 1r234570 1845(‘0 l6c?6o 3{"2§7760 i .
2, 1. 1CS6CC, 1008, 282¢,  10234C7, 18675, 16146, 3025726, v
4, 1. 11780C, 667, 23226, 1€23477, 139°N, 15674, 3025726, Py
e ls 117€0r, 459,  3£R5, 1723407, 19125, 15440,  3N25726, £
te le 11780, 282,  3S¢k7, 1023407, 19360, 15282,  3N2572A, i
7. 1o 1li80c, 152, 4115,  1723407. 19575, 15456, 3125724, i ]
8, 1, 1l78cc, 131, 4280,  1€23407, 19870, 1865F,  3N2572A, P
Se 1o 1175CC, 15,  42€5. 1023407, 270v5, 15760F, 2026726, !
10, 1. 1125fcC, r, 4265, 1023407, 27257, 159R5, 30287974, i
11. 1. 11780f, =121, 4l44. 10234774 27475. 16331, 3728774,
12, l. 117507, =287,  3BE4, 1023407, 20700, 16836, 302572k, ‘
13, 1. 117580f,  =4G6f, 3374,  1r23477, 20925, 17551, 372572f, y
14, 1. 1°56rC, ~JR1, 2563, 1€2340F7, 21159, 18557, 3025726, _ o]
€, 1.  €67C0, -1149, 1445,  1023477. 21375, 19930, 3025726, £
16, 1. _ 3200C, =1445, -Ce 1723407, 21375, 213758, 3026724, >
COUBLER WEIGHY i
0.164 _ o
:ﬁ k.
P
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Figure IV.W. Example Output Date (Continued) i
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E

a #?

XKA8({I,1) XKA(T,2) XKALI,3) XKA(I %) XKA(1,5) XKA{I,6) .

11780C, ", C. N, Q. 0.0 '
111600, ", Co n, Ne 0.0 )
11750C, . [ ", N, DN
117800, r, Co n, 0. 0,0
1175‘:’?. l‘. c. Go 00 0.0
1175C%, c, R De 0, ()
117500, re C, 0, n, 0.0 .
1175¢6C, C. fe Do n, 0.0 P
1175CC. C, Co Ne 0, 0.0 P
11780C, Q, C, Na D 0,0 ; f
11780°¢C, r, Ca n, 0. 0.0 |
117800, ‘N, Co 0. N, 0.0 .
117807, reo Lo N, 0o 0,0 b
11760C, . C, 0. 0. 0.9 P
1178Cr, n, Co N, a, 0,0 !
117600, N, Ce a, 0. 0N P

N

J e atand

XAL (Lo 1) XAL(I,2) XAL(I,3) XAL(I,4) XAL{I+5) XAL{(],6) ;
1¢10¢0, £, n, 0. N, n,0 i J
) _ 1eoer, O fo 0, Ne APYY) B
__._lcran, e 0, Ce n, 0,0 Cg
. lngce, C Co 1, Qe 040 3
10007, . C, n, 0. 0.0 b
10"-”"' Q. 0. q. n. o'n 3 +
1cenr, Yy C. R R 0.0 P
L00c~, " s Ne 0. 0.0 i
10CCC., {. Ce Co N, 0.0
IPQC(‘Q f‘. PQ r!. O. n.o
1000, " Ca A N, 0,0
lrnrf. ﬁ. C. P. ". (\OQ
jener, " Ce D Q. 0.0
1”0{\"'. (“ ”‘ h‘ 00 C.D
\roer, il AN N, n, NN
1€4C"%. T Lo A Q. n,0

Xgi= 18°"7¢C,

Figure IV.k. Example Output Data (Crmtinued)

e s . o el L et 3l
. s e e o TR Wiey, s, IR et e M x e e,
e SRS A wr o e w“:\ o e " »

ws
|




3 A P L SRS

Bgo nsrme . 0 e s e _

=Ty

DCUBLER ANS

‘ XZ _XNR XK A XP4& XCL XKC XQ7T XQ8B XKS

. le 1, 11756F, ~353. -3¢3, 1623407, 0. 353. 3025726,
20 Jo ]17‘5(."0 (. -3530 1C234Q7. -0, 3530 30257260 .
3. 1. 117QC09 93. "2650 1(234”70 -0, 26”. 30257?6. ?
5. 1. 117%¢r, f4, =12¢, 1623407, -0, 12¢. 3025726, ‘
€. 1, 117877, 15,  -9C. 123407, =9, 90, _ 3025726, |
1o 1. 117%CFC, 21. -6S, 1623407, -0. 6G. 3025724, b
84 e 1)760C, 11, -58, lCZBloQ'I. D 58. 3025726, :
9. 1. 11752€C, 2o =57, 1023407, =D 57 3025726,
10. 1, 1175¢C¢C, n, =57, 1C23477, =0, 57, 3025726,
11, 2. 1175¢€, =16, -12. 1023407, -0, T2. 3025726, .
12. 1., 117¢00, =-27._ -GS, 160234C7. D, 99, 3025726, :
12, 1, 117sce, 42 =142, 1023407, =N, 142, 3025726, co
14 1. 1175CC, -6, =202, 1623407, =N, 202, 3025726, e
1. 1. lirecc, ~37, =239, 1(23‘0’!7. De 239, 3025726, Z ;
16 1, 1176nC, 239, i A1) 1023407, N 0. 3025726, i

DOUBLER WEICHT
Celés
sTQoP ceeree

v R e o e <y S e bt Syt AR b s -

: Figure IV.l, Exsmple Output Data (Concluded)
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IV.3 ANALOG COMPUTER ANALYSIS

A method of determining the distribution of fastener loads in
a splice by using an ‘analog computer is described in detail in
Reference (4) and can also be used for a doubler installation. The
method consists of replacing the actual structural elements (fasteners
and axial members) by an electrical network of resistors in the form of
potentiometers. The resistances are adjusted so that the relative
values of their reciprocals (or "mhos") are the same as the relative
values of the spring constants in the actual structure. That is,
Rpei . Ry _ This is illustrated in Fig. IV.5.

/E£
N Ly
/
Q L 2 3 F Z S I )
?\JVVVVVVZ-———’-

Physical Structure And Applied load
(a)

R
%

M-

Equivalent Electrical Circuit And Applied Current, I°
(v)

Figure IV.5. A Doubler Installation Analyzed By An Analog Computer

A voltage Eo is applied, generating a total current Io' The current

I . divides among the resistances in the same manner (proportionally)

as the load Q is distributed in the structural network. Therefore,
reading I and I with an ammeter (or by other determination), the load
in any structurai member can easily be calculated as
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The analog computer can also be used for multiple (or
"stacked”) doublers and splices as well as for shear-lag problems in
sheet-stringer panels. It can be used for load levels where the
values of k- are in the plastic range, by using the method of super-
position as discussed in Section III. In this case, the resistors !
would be adjusted for the specific spring constant values existing (as '
selected per Figure IV.10) for each increment of applied load. !
Reference (U4) also describes a practical constant voltage source 4
necessary for applying a distributed load (i.e., such as an applied !
shear flow) or any intermediate load. In any case, the same results
would be obtained as by using the other methods discussed in Sections III ;
and IV, since they are all derived from the same elementaxy theory. }

IV.4 OTHER DIGITAL COMPUTER FROGRAMS

Although this report is based upon the trial and error : i
solution for the internal loads, !
the loads can be determined in the conventional manner for redundant !
structures by solving a set of simultaneous equations. That is, if i
there are N fasteners in a line in the direction of the applied load,
there are N-1 redundant fastener loads. A set of equations can be .
written for any given condition of the structure (i.e., for any specific | b
values of k., k  and for any slop, meening that the sloypy- |
fastener is ine fec%ive). Then the results obtained after solving :
the simltaneous equations can be used as the "unit solutions"
discussed in this report. This procedure is frequently used where digital
computers are available.,

Reference (5) presents a routine for determining the fastener load
distributions in splices involving two or more axial members. The basic
i approach involves the solution of simultaneous equations (hence it is not
useful for hand analysis.) Provision is made for including the effects f
of plasticity and temperature. The method is based on what is referred
to a8 the elementary theory in this report. As presented » however, the :
routine is not arranged for the analysis of a doubler installation and i q
provision is not made for the inclusion of "slop". Considerable
practical discuseion concerning the development , use and presentation of
Tastener load-deflection data is presented and specific data for one type
of fastener (Blind Hi-Shear bolts) are included.

IV.5 ADDITIONAL PROGRAMS PRESENTED IN APPENDIX III

“ - PR, T

:‘ Digital computer programs for a splice, a stacked doubler
(one extra doubler) and a stacked splice (one extra member) are presented
in Appendix III. x,
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SECTION V
DATA FOR ANALYSES i
V.l  INTRODUCTION i |

As discussed in previocus sections, there are three specific
types of data that are necessary for determining the fastener load
distribution, These are

a. The fastener spring constants, /ép
b. The axial member spring constants, A5 and A

c. The fastener hcle clearance or "slop", Ac

Each of these is discussed below from the standpoint of practical
design and analysis,

V.2  FASTENER SPRING CONSTANTS
This factor is the index of the amount of load, A/ , required

to strain the joint through a small displacemznt AS. The displacement
§ (called the "deflection") is the local "shearing" displacement, ; \%

normal to the centerline of the fastener as shown in Figure V.1. § is
obtained experimentally as the difference between the unloaded length
L (actually 2") between points A and B and the stretched length, L + §,
between the points A' and B' under a load P, This deflection,
therefore, includes not only the shearing bearing and bending dis-
placements of the fastener but also those due to the local bearing

and exial deformations of the sheets in the regior of the hole,

Eper

Sn e e iy e o ook e -
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f
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LFE —-> §

Figure V.1 Deflection at a Joint i
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By testing specimens as shown in Figure V.1l (which are the
same specimens as used in obtaining conventional fastener-sheet L
strength and yield data) a load-deflection curve for any specific ; i
type of joint can be obtained. Such a curve is sketched in Figure i;
V.2. A discussion of the manner in which such & curve is cbtained is )
presented in Section VII.

Frequently the curve has a considerable ,
linear portion at low load levels, The slope of the curve at any |
point is the value of B= = AP/AS. Hence, it can bz
seen that /2. is a function of the losd itself. fThus, /o, is

923 i

R~

PR i et

A~

=

L=y
X .
Xl

LT
Ul

T ‘ O e L




FASTENER LOAD v LBsS.
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Figure V.2 Typical Load-Deflection Curves for Fastened Jointu

analogous to the tangent modulus, Ey , of a stress strain curve
for a material. The non-linear portion of the deflection curve is
referred to as the "plastic range". In this range A g decreases
from its initial largest value to lesser ones as the value of P
increases,

For most of the fasteners and gages used in a practical
doubler or splice installation (high strength steel fasteners),
there is usually a fairly extensive initial linear portion. This
allows the joint to handle reasonable load transfers without exces-
sive permanent set, or yielding.

The-exact shape of the load-deflection curve depends upon
several items:

8, The fastener type, size, and material properties

b. The material properties of each sheet

¢. The thickness of each sheet (different thicknesses

giving different results)

d. The fastener hole-clearance or "slop",

e. The number and arrangement of the axial members
Items (a) and (b) are fairly obvious effects. Countersupk types
will be more flexible that protruding heads, solid fasteners stiffer
than hollow ones (blind types), temperature is a variable since it
affects material properties, etc,

As to item (c), most test data appears to be obtained using

sheet specimens of the same material and thickness, Hence, when
menbers of significently different thicknesses (or materiels) are

94
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Joined elther the test data for this particular combination must be : E
obtained experimentally or some reasonable adjustment of available
data for other combinations must be made, Although not substantiated
by significant testing, the following adjustment is suggested for
such cases, referring to Figure V.3.

Material 1
N S— £
L T

N

s~ 2o s
s,

X Material 2
Figure V.3 A Lap Joint Having Dis-gsimilar Sheets

Let/é, be the value for two members of material and thickness 1,
Let A, be the value for two members of material and thickness 2. 3
Then the "effective" value of kp for the dbint is taken as :

A,. ,_2(’élé2) 5

ere T R, + £

As to item (d), a tight hole, or one with little clearance(s/p),
will result in a stiffer joint that one having & considerable o\
clearance even after the initial clearance has been "closed up" under Py
load. The effect of slop on the load-deflection curve is discussed i
in Article VII.7.

i wnet T

The number and arrangement of the members will affect the
spring constant since these affect the "end fixity" for the fastener,
That is, the spring constant is a value relative to two adjacent '
members and is easily determined by tests as previously discussed
for single lap members, or for single sandwich joints (since a sand-
wich joint is considered in anslysis as & single lap joint). How-
ever, when the members are stacked, as in Figure III./#s, the
relative fixity between adjacent members actually depends upon the
loads in all of the members., Hence in this case even an experimental
determination of the relative spring contant (i.e., the load-deflec-
tion curve) between the adjacent members is a difficult undertaking.
This is because each load deflection curve would depend upon the
actual test load applied to each member. In addition, the relative
deflections between all adjacent members would have to be determined .
experimentally in order to describe the proper curve for adjacent )
members. It may be that there is little difference in such spring
constants due to variation in member loads, but this subject is not
investigated in this report.

Thus, the load deflection curve shown by the broken line in
Figure V.2 could be the result, {compared to the solid line) if a less
stiff fastener, or sheet material, or s thinner sheet gage were used, or
if more "slop" were originally present at the hole. Hence, it can be
seen that in order to analyze Joints in general, a large amount of
load~deflection data defining the rfastener spring constants is needed. .
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Such data are, apparently, not available in the literature at present,
This indicates a significant area of technology that needs to be
explorid to provide the designer with practical data necessary for
joint analyses. Very likely, many data of this type are available
from various sources, but they are not, unfortunately, in published
form. Once determined, such data could be presented in compact
tabular form, eliminating the voluminous load-deflection curves.

That is, since the load-deflection curves are similar in form and
effect to typical material stress-strain curves,. it would appear to
be advantageous to use the Ramberg-Osgood approach for presenting such
fastener data., In this way the actual load-deflection curve for a
given fastener sheet combination could be expressed in terms of three
parameters, including the shape factor, n. Such a presentation has
actually been suggested in some detail in Reference (5) and suggests
using the initial slope, A#% s the yield load, Py, &nd a shape
factor, n. This appears to merit consideration, since one table
could describe a multitude of practical test data.

For the present, since no sources of general load-deflection
data can be referenced, the designer or analyst must determine the
spring constants of the fasteners being considered, using whatever
data and means_he has available, For the particular case of bolts in
double shear, References (6) and (7) present a method that will define
the bolt spring constant in the elastic range. A few fastener load-
deflection curves are also vresented in Section VII for the specimens
tested in this program.

V.3 AXTAL MEMBER SPRING CONSTANTS

In general it is suggested that these be calculated as

A Ape By

and A E

vhere L = length of segment being used (normally the fastener spacing)

Ae= the average cross-sectional area of the element arbi-
trarily omitting 80% of the diameter of a fastener, in
computing this, as being ineffective area. The figure 80%
is arbitrary but is the amount used in the calculations
of this report. The closer the holes, the more this
figure approaches 100% of the fastener diameter. 80%
would be more likely to be reasonable for a very close
spacing, say 4D or less. The data of Section VII wes
not sufficéient to define this percentage.

E = the tgngent modulus (or Young's Modulus in the elastic
range

This calculation is illustrated in Figure V.k4.
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Figure V.4 Effective Area of a Cross Section

If the fasteners have been grouped together, as discussed in
Section III, the length, L, is taken as the distance between the
] centroid of the groups (see Figure III.9c). The area, A, however,
should be adjusted to reasonably account for the holes, as they
actually exist, The adjustment becomes even more arbitrary when the
successive holes are not in line,

V.4 FASTENEQR-HOLE CLEARANCE OR "SLOP"

In this report, the "slop", AC, at a fastened joint is
defined as the distance over which either sheet can move relative to
the other before the fastener bears upon both sheets. This is probably
easiest to define by considering the fastener to be fixed in space
and then determining the distances over which each sheet can move
3 before bearing upon the fastener. The "slop" will then be the sum of
these movements., Referring to Figure V.5 it can be seen that

—— % I ] NZ
* MemiBeR S —/ _"lcf"*ld'r«
-2+

Figure V. 5 "Slop" at a Fastened Joint
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for the direction of loading, Q, shown
a. The upper sheet, D, can move a distance "a" before it
bears on the fastener {which has the diameter DF)'
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b. The lower sheet, S, can move a distance, "c", before
bearing on the fastener,
¢. Hence the slop at the joint isAc =a + c.

If the direction of loading were reversed,

a. The sheet D could move a distance, b
b. The sheet, 5, could move a distance, 4
¢. The slop would then be

Ac=b+d

Thus, it 15 seen that, in general, the slop depends not only upon the
geometry at the joint but also upon the direction of loading. As
will be seen later, in the more common case of concentric holes, the
direction of loading is not a factor,

A general expression defining the slop in terms of the fastener
diamet, hole diameters, hole eccentricities, and direction of loading
at the joint can be obtained from Figure V.6.

i
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Figure V.6 8lop at a Fastened Joint

= diameter of fastener
= diameter of hole in upper numver, D
diameter of' hole in lower number, S

caepier line of fastener or holes

(5] O o
S PP
"

i

distance which f§ of DD lies to the right of the
oo the fastener &,

eg = distance which @ of Dg lies to the right of the
of the fastener g.




o |
[ .

% a. For a "tension" loading, as shown in Figure V.6,

T g

i (1) Member D can move a distance Dp/2 + ep ~ Dp/2
! before bearing on the fastener,

(2) Member S can move a distance Dg/2 ~ eg - Dp/2
before bearing on the fastener.

(3) Hence the slop is the sum of these distances, or

T e e .

: DD + DS
. Ac = — - D + (eD - es) ;
b. For a reversed loading, producing compressive stresses in : ;

the sheets of Figure V.6, .3

(1) Member D can move & distance Dp/2 - ep - Dp/2 o
before bearing on the fastener. -

o a e

e e

(2) Member 5 can move a distance Dg/2 + eg - Dp/2 ' 3
before bearing on the fastener.
(3) Hence the slop is the sum of these distances, or

D.+D .
D S Lo
Ae = 2 - Dy - (e - &) ‘xﬁ

Thus, it is seen that in one case, tension, the term (e, - S) is
added and in the reversed case it is subtracted to obtain the total

slop.

B Y T pr

In most practical cases the holes will be concentric, or

ep = €g, and
Ac=E.D_:.lz§-D
2 F

f Thus, the slop is independent of the directicr of loading, If, as
frequently occurs, DD = Ds (= Drole) the slop is simply

£
3
d

Ae =D 5 -0

The amount of slop to be considered at a joint in any specific
ctructure depends, of course, upon the specified type of fit, the
manufacturing and assembly methods and, hence, upon the laws of pro-
bability, Thus the determination of the actual amount of slop to
be used (except for the salvage of inspected pieces of hardware)
is somewhat arbitrary and involves the ludgment of the engineer.

; Hence, it is beyond the scope of this report. In general the
following guides are helpfuls
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a. When a fa:cener is "sloppy" those fasteners immediately
adjacent to it (on each side) pick up more load, than
when it is "tight".

b. Slop at the fasteners makes a doubler less efficient.
That is, the doubler picks up less load from the base
structure it is relieving.

c. The effect of slop at a fastener is much more pronounced
in "short members"” having only a few fasteners (or rows
of fasteners) than in a long member having many fasteners
in the direction of the lcad. Splices are the most usual
cases of such "short" membr s,

d. An analysis which includes the possible or the probable
slop is frequently helpful in establishing the type of
fit necessary for an assembly,

e, An analysis which includes the existing slop in a specific
case is helpful in establishing the course of action
necessary in a salvage operation involving sloppy holes,

V.5 EFFECT OF FRICTION

Since in practical cases nearly all fasteners are installed
with some amount of "clamp-up", there will always be some accompany-
ing amount of friction force opposing the deflection, This effect
can be seen in the actual test data curves of Figures VII.9 and
VII.1O as line OA. However, this effect, the initial extra stiff-
ness, is removed in presenting the final load-deflection curves
(Figures V2I.11 through VII.17) as discussed in Section VII. Hence,
friction is ignored.
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SECTION VI

APPLICATION OF RESULTS OF ANALYSES TO THE OVERALL STRUCTURE

i Y

VI.l INTRODUCTION

The methods of determining the internal load distributions in
splices and doublers are used to properly design such.installations.
Once installed, these members become an integral part of the overall
structure and will influence the distribution of internal loads not
only where they are located but also in other areas of the structure.
That 1s, the basic structure has been altered and it is sometimes
desirable, or necessary, to include this new effective area in a

revised general analysis,

o ———c—— T —

vIi.2 PROCEDIJRE

] This can be done for common engineering purposes by deter-

mining the "effective" areas of the doubler, or splice members, and
including these in any revised overall internal loads anelysis., The
effective area of the doubler can then be taken (at any station) as

= -13— : ‘\:’
Aeff - Aactual X Po %a

where
P = Load in doubler from the original analysis

(Section III or IV)

P = Load that would exist in doubler if it were fully
effective with the base structure, or
A
P_ = Applied Axial Load x —S2DisX =q +2, 32ty L
doubler = “base str, i

Once the effective areas of the doubler are determined, the overall
structure can be re-analyzed using conventional methods of analysis, : 3

{ In order to do this the doubler is assigned effective widths at g
“ stations along its length that correspond to the effective areas ;
determined (i.e., W / t). This effective member is then

assumed to be an in%g al pgrt of the overall structure and future
analyses are carried out on this hasis, using conventionrnal methods. K

VI.3 APPLICATION OF THE RESULTS OF A DCUBLER ANALYSIS

Example

The doubler of Table III.l would be dealt with as illustrated
in Table VI.1l in establishing it as an effective integral part of the

base structure.
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TABLE VI.1l
DETERMINATION OF THE EFFECTIVE AREA AND EFFECTIVE WIDTH OF A DOUBLER

DI@|IQI®|IC|IEO|0|®|IG® |V | O |

STA. ADED ED tD ASES ADED APPL, Po PD EFFEC't, | EFFECT, | EFFECT.

+ASES 10AD ADED AREA WIDTH
TABLE TABLE TABLE| (2) oy TABLE
rrr.1| DATA|DATA | pyy 5 DO 11y II1.1 g’(@ % %’
%100 51070 x107°] 100 x10™°
T [ 57| 29| .10 &7 | 9.F |B,000|k,000] 385 .B5 | .06 | .16
2 s i " " " " " 1’938 2. 28 0079 .19
3 " \\\ 1 " 1" n u " 2,792 3. 28 113 1.13
y 1 1 " 1 1 1 " 3,2314 3.80 .131 1l.31
5 m 1" 1 n i " " 3 ,l;16 k.01 .138 1.38
6 > 1" 1 1 1" 1 1 3’398 3.99 .138 1, 38
7 1 " " " " 0 " 3’1-{6 3.73 129 1.29
8 n o, " " " " " " 2,6’(5 3.14 .108 1.08
9 " " 1" " 1 " " 1,722 2.03 .070 .70

The desired results, the effective area or the effective width of
the doubler, are shown in Columns @ and @ respectively, at the
stations listed.

Vi.b APPLICATION OF THE RESULTS OF A SPLICE ANALYSIS 1
Example

The effective areas of the splice of Table III.2 would be §’:f
determined in a manner similar to that used for the doubler. The .o
calculations are shown in Table VI.2. The effective area !
(and width) of both splicé members (S and D) are determined., These ]
would then, in any future analyses of the whole structuvre, be con-
sidered as one integral number,
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VI.5 ECCENTRIC DOUBLER INSTALLATIONS

Another type of problem involving the effective area of a
doubler would occur when an external doubler is attached over a
stringer-skin element. In this case the eccentricity of the (single)
doubler would affect the stress level and it could result in signifi-
cant bending stresses being present due to the installation. Such
stresses could ve quite important if either fatigue life or compres-
sive strength were the reason for adding the doubler. That is, in
the fatigue case the bending stresses due to the eccentricity might
need to be accounted for, and in the compressive strength case the
beam-column effect due to the eccentricity should always be considered.

For common engineering purposes, a method of accounting for
the effect of the single (or "eccentric") doubler would be as follows:

a. BAs discussed previously, (Table VI.l) determine the
effective area distribution of the doubler and consider

this to be integral with the base structures (the stringer-
skin element),

b. Determine the centroid distribution of this integral unit.
(This centroid will not coincide with that of the original
skin stringer element.) These centroids establish the
neutrel axis of the integral unit.

¢c. Carry out a conventional analysis of the effective
structure which now has a "bent shape" for the neutral

axis of the integral unit (members attached to the doubler).
In this analysis

(1) There will be an "initial" bending moment, P « e_,
where P 1s the axial load and ey is the distance
between the centroid line and the load line at any
station x. (The centroid line is obtained by con-
sidering only the effective area of the doubler
together with the actual base structure.)

(2) The moment of inertia of the cross section, however,
will include all of the doubler cross section (not
Just the effective area, which is used only in deter-
mining e, in (1) above)» That is, the usual engin-
eering bending theory is assumed to apply for the
calculations involving bending.

(3) The actual analysis (a besm-column analysis, or a
beam in tension analysis) will then be an iterative
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procedure* veginning with the applied axial load P
and tne initial bending moments, at any station, x,
given by

[T PR R, Loree bon

As in all such analyses, 3t is necessary to consider
some of the structure beyond the members attached to
the doubler, dut this depends upor: the analyst's
Judgment and the degree of accuracy required. The
results give the final bending momente, M', along
the members, enabling the total stresses

P M'c '
£= 3t T |

to be caiculated. The fatigue life, the yield strength C
: or the ultimate strength can then be assessed. :

VI.6 ECCENTRIC (SINGLE LAP) SPLICE INSTALLATIOAS :

The remarks of Article VI.S5 above would also apply %o a S
single lap splice installation.
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* Since the effective members are tapered, EI is not constant and é
hence the standard formulas for beam-columns (with either compres- 7
sive or tensile axial loads) do not apply. Hence, either "average"
constant EI values must be assumed for solution by formulas, or

else an iterative {numerical) procedure must be used to determine
the final bending moments. A practical engineering method for such p

numerical beam-column anelyses is presented and illustrated in
Reference (10),
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SECTION VII
TEST PROGRAM
VII.1  INTRODUCTION

In order to accamplish the purposes of this report, the test
program described below was conducted. Since there is such a large
nmumber of suitable types and sizes of fasteners, sheet gages, hole
clearances,; etc., the test program was generally limited to one repre-
sentative fastener for the various assembly tests., The protruding
head Hi-LoK Pin was used since it is a widely used; stiff and perma-
nent type. The tests and test specimens are of two general types,
asgsembly tests and element tests. The assembly tests were conducted
to verify the methods of analyses. The element tests were conducted
to obtain specific data necessary for the predictive ammlyses of the
assemblies tested.

VII,2 ASSEMBLY TESTS AND SPECIMENS

The purpose of the Assembly Tests was to verify experimentally
the methods of analysis. In these tests doubler and splice assemblies
were loaded in a tension test machine and the distributions of intermal
loads were obtained by using photostress plastic’ and methods., There
were two types of Assembly Tests. '

a. Doubler Assembly Tests
b. Splice Assembly Tests

Fifteen assembly tests were made using specimens having 5/32" diamster
Hi-Lok {HL1870) Fasteners of the protruding head type. Three tests
involved specimens having 1/4" bolts and two tests were made using .
spctwelded doubler assemblies. T075-T6 Al. alloy sheet material-was
used in all Assembly Test Specimens.

VII.3 DOUBLER ASSEMBLY SPECIMENS

Details of these are shown in Figures VII.1l through VII.k.
There are 13 specimens, Except where noted otherwise, the fasteners
were 5/32" Hi-Lok 1870 and the holes were reamed for a sliding fit
(no "slop"). Photostress plastic was applied to the outer surface of
each member of single lap specimens and to the outer surface of one
of the outside members of all sandwich specimens except when it was
applied to the outer surface of both outside members.,

&, Specimen I-Al

(1) This specimen is as sketched in Figure VII.l except
that there were only 10 fasteners, spaced at 2 inches.
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(2) The purpose was to verify the methods of analysis i 4
using a uniform specimen and a wide fastener spacing. g z
Specimen I-A2 ?
(1) This specimen was as sketched in Figure VII.I1. L

(2) The purpose was the same as for I-Al, using a closer
fastener spacing.

Specimen I-Bl

(1) This specimen was identical to I-A2 except that there
were two doublers (a "sandwich").

(2) The purpose was

(a) The same as I-Al and 3
(b) To reduce the effects of eccentricity. 4

Specimen I-B2 ; qu

(1) This specimen was the same one as I-Bl except that
the second and third fastener holes at one end only
were reamed 0.005" oversize for this test.

(2) The purpose was ]

s g s

(a) To iliustrate the effect of hole clearance {'"slop")
and the method of accounting for it. by
(b) To verify the method of analysis using an unsym- ' K
metrical specimen,
Specimen I-C
(1) This specimen was as sketched in Figure VII.Z,

(2) The purpose was to verify the method for a tapered
member and for a specimen having multi-fastener rows.

Specimen I-D1

(1) This specimen was identical to I-C except that there
were two doublers {a sandwich). .

(2) The purpose was to reduce the effects of eccentricity. E’
Specimen I-D2 (I-D1 re-used)
(1) This was the same as specimen I-D1 except that the Tth

and 9th rows of fasteners (from both ends) were not 5{
installed.
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i.

k.

1.

(2) The purpose was to illustrate that fewer (and, hence,
smaller) fasteners can be used near the center with
little effect on internal loads.

Specimen I-E

(1) This specimen was as sketched in Figure VII.3.

(2) The purpose was to show the effect of a "wide" base
structure, to verify the method of analysis, and to
define the fastener load diffusion rate into the base
structure.

Specimen I«F

(1) This specimen is as sketched in Figure VII.k4, a
"stacked" doubler.

(2) The purpose is to evaluate the suggested method of
analyzing such cases,

Specimen I-G1

(1) This specimen is identical to I-A2 except that spot-
welds are used instead of HL 1870 Rivets.

(2) The purpose is to verify the applicability of the
analyses to spotwelded assemblies.

Specimen I-G2

(1) This specimen is identical to I-Bl except that spot-
welds are used instead of KL 1870 Rivets.

(2) The purpose is to reduce the effects of eccentricity.
Specimen I-Hl

This specimen is similar in design and purpose to
Specimen I-Bl, but 1/4" NAS Bolts and AN 320 Nuts
(fingertight) were used instead of the HL 1870 Rivets.
Specimen I-H2

This specimen is similar in design and purpose to

Specimen I-B2, but 1/4" NAS Bolte and AN 320 Nuts
(fingertight) were used instead of the HL 1870 Rivets.
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ViI.k  SPLICE ASSEMBLY TEST SPECIMENS

Details of these are slown in Figures VII.5 --- VII.7. There
are seven specimens. g£xcept vhere noted otherwise the fasteners were

5/32" HL 1870 and the holes were reamed for a sliding £it (no "slop").

Photostress plastic was applied in the same manner as for the doubler
assembly specimens.

a.

d.

e,

f.

Specimen II-Al

(1) This specimen is as sketched in Figure VII.5 ercept
that there are six fasteners at a 2 inch spacing.

{(2) The purpose is to verify the methods of analysis.
Specimen II-A2

This specimen is the same one as for II-Al except that
there are 12 fasteners at a 1" spacing.

Specimen II-Bl

(1) This specimen is as illustrated in Figure VII.S5,
a sandwich,

(2) The purpose is to reduce the eccentricities present
in II-A2.

Specimen II-B2

(1) This specimen is the same as II-Bl except that the
second and third fastener holes at one end only were
reamed 0.005" oversize.

(2) The purpose is to illustrate the effect of fastener-
hole clearance and also an unsymmetrical case,

Specimen II-Cl
(1) This specimen is as illustrated in Figure VII.6.

(2) The purpose is to verify the method for a tapersd

member and also for a case involving multi~fastener
Tows.

Specimen II-C2

(1) This specimen is identical to II-Cl except that it
is a sancwich.

(2) The purpose is to reduce the eccentricities present
in II-Cl.
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g. Specimen II-D

(1) This specimen is as illustrated in Figure VII.T.
The AN 320 Nuts are installed fingertight.

(2) The purpose is to illustrate a "short splice"
without clamping friction.
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VII.5 INDIVIDUAL (ELEMENT) TEST SPECIMENS

In order to obtain the specific data necessary for predicting
the internal loads in the various test sssemblies, the following
element tests were required. Most of these were for the purpose of
obtaining the load-deflection curves (fastener spring constants) for
the selected sheet thickness and fastener hole sizes. These tests
vere made using the same type of specimen (and test) that is conven-
tionally used at Vought Aeronautics Diviiion to obtain fastener-sheet
load-deflection data, It has been found previously that three specimens
of any fastener-sheet combination must be tested to obtain sufficient
data to define the relationship accurately. The specimens of this
type are referred to as Type III and are described below. All sheet
uaterial was 7075-T6aluminum alloy. AllL HL 1870 Fasteners are 5/32"
Giameter.

a. Specimen III-Al

One HL 1870 Rivet fastening two 0.072" sheets, hole reamed
for sliding fit.

b. Specimen III-A2

One HL 1870 Rivet fastening two 0.102" theets.
c. Specimen IIX-A3

One HL 1870 Rivet fastening a 0.102" and a 0.072" sheet.
d. Specimen IIT-Alb

One HL 1870 Rivet fustening a sandwich of two 0.372 cheets
and one 0,102 sheet.,

e. Specimen III-Bl through III-Bk

Same as III-A1l through III-Al but holes reamed for 0.005"
clearance.

f. Specimens III-Cl through III-Ck
Same as III-Al through III-A4 but using NAS 464 and AN 364
Shear type Nuts (and washer) with nut fingertight.
{1/4" Bolts).

g. Specimens III-DL through III-D4

Same as III-Cl through III-Cl4 but with nuts torqued to
35 in/1bs.
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h. Specimen III-AS
One HL 1870 Rivet fastening a double sandwich of four
0.072" sheets and one 0.102 center sheet. The center
: sheet is not loaded.
i. Specimen III-El through III-Eb

Same as IIT-C1l through III-Cl but with holes reamed for
0,005" clearance.

j. Specimens III-fL througa III-Fk4

Same as III-El through III-EL but wuth nuts torqued to
35 in/lbs.

k. Specimen III-G

Same as &II-Al but using spotwelds instead of HL 1870
Rivets.

1, Specimen III-H

; Same as III-Al but using spotwelds instead of HL 1870
( Rivets.

V(1.6 PHOTOSTRESS PLASTIC TEST SPECIMENS
These tests were made using photostress material, as shown in

Pigure VII.8. The three photostress plastic specimens shown in Figure
VII.8 were tested.

ot /0 Y - S————
Lo0 250 | i /58
f '—*t’;?ﬂl‘ “1—4'2“3 4{&.}:“2‘1‘» Ab/-fﬂ/d/f’é‘:”
/o lgo O o o o o op "2
J P o
1
SPECINEEN 4
A /0"
4 B 7 14
C 3 {4

Figure VII.8 Photostress Plastic Test Specimens
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The purpose of these tests was to help define

a. PRatec at which the fastener load "diffuses” into the . 1
gheet. :

b. The "dead" area between the holes (as a percent of the
fastener diameter).

VII.T TESTING PROCEDURES

-a. Losd-Deflection Tests

Each of the specimenrs of Type IIT was mounted in a 8
sultable tension testing machine and load-deflection d
data was obtained using an autographic recorder. |
(Pigures VII.9 and VII.10 show typical results.)

b. Doubler and Splice Assembly Specimen Tests

Bach of the specimens of Types I and II was mounted in a ! 1
suitable tension testing machine and loaded successively
to the three values specified in Table VII.l. Each load
was released: before proceeding to the subsequent one.
Color photographs of the photostress plastic strain
distribution were obtained for each loaded and unloaded
i condition. : '

TABLE VII.1
; TEST LOADS FOR ASSEMBLY SPECIMENS

SPECTVEN APPIGED TEST LORD SFECTMEN APPLIED TEST LOAD ‘
QL 98 QL Q2 Q3
I-AL 7120 | “E%IE", TI-AT i,ggg 5,620 | 11,910 i

b
I-A2 9.210 | 14,150 | 18,000 1I-A2 , 8,150 | 12,000 |
I-Bl 6,760 | 12,300 | 18,000 1I-B1 4,530 | 8,224k | 12,000 ,
I-B2 | 5,670 | 11,240 | 18,000 II-B2 | 3,790 | 7,525 | 12,000
I-C 8,660 | 13,290 | 18,000 I1I-C1l 2520 | 9,320 | 18,000
I-DL | 6,540 | 11,870 | 18,000 II-c2 | 5,555 | 10,039 | 18,000 :
1-D2 £,520 | 11,890 | 18,000 1I-D 2,655 | 6,021 - |

1% 18,050 | 34,517 | 60,000 |
l I-F 12,400 | 18,000 | -- ?

1-GL 3,802 | 7,000 | 13,550
1-62 | 3,640 [ 7,330 | 15,890 ,
I-H1 6,280 | 14,520 | 18,000 ,
1-H2 5,190 | 13,490 | 18,000
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Then, using photostress analysis methods, the internal
loads at selected stations were determined for all spec-
imens, The results are presented in Table VII.2 together
with the "predicted" loads for the purvoses of comparison.
Pictures of some typical photostress plastic strain

distributions are shown in Figures VII.19, vII.20, and
Vii.2l.

The photostress plastic specimens of Figure VII.8 were
tested as follows:

(1) Each specimen having only the end holes drilled was
mounted in a loading apperatus. A tensile load, P,
was then applied of sufficient magnitude to obtsin
a well-defined color photograph of the resulting
strain distriiution in the specimen.

(2) step (1) was repeated for a compressive load, ~P.

(3) step (1) was repeated after drilling the additional
holes in the specimen.

(4) sStep (3) was repeated for a compressive lcad, P,

(5) Equal tensile loads, P, were then applied at the two
holes at each end (4 loads, P) and a color photograph
of the resulting strain distribution was obtained.

A typicel photograph is shown in Figure VII.18.

VII.8 TEST RESULTS

a.

Load~C.flection Tests

Some typical load-deflection curves, as cobtained directly
I'rom the autograpnic recorders, are presented in Figures
VII.9 and VII.1O. Although all tests were carried to
failure, the deflections at these points were beyond the
1imits of the recorder. In Figure VII.9 OA shows the
initial stiffness due to friction, AB shows a sligat slip
when friction is overcome, and BC shows the zteady linear
rise to C where the applied load is reduced, The specimen
then unloads at a faster rate, CD, than it lcaded wp,

BC. (An initial loading of about 50 pounds is held on
the test machine.) Then, as the loading is increased, DE
shows the action in "returning' to the basic curve of
which EF is & continuation. Similar action continues

from point ¥ on until Eﬁax is obtained. Thus, it is
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seen that the "loops" CED, FGH, and IJX represent a
hysteresis effect always present, even at low load
levels in the initiazl linear range. The average slope
of the linear portion {the "sides™) of these loops is
referred to as the secondary spring constant, k'y, and
this is seen to Le larger than the initial (linear)
spring constant, k,. Actually, k’o is largest when
obtained well out in the plastic range, but most of the
increase (k' - ko) is obtained early in the region of
the initially linear portion of the load-deflective
curve. The values of k', reported are obtained f{rom
"loops" that are somewhat past the "knee” of the load-
deflection curve. As can be seen from Figure VII.1O
(and also in later figures), k'p is only slightly
affected (reduced) by slop. Although k'y may be as nuch
as 50% larger than k, for certain combinations, this
value is not usually presented in reporting fastener-shect
load-deflection results. However, using k, in determin-
ing residual loads does not, fortunately, result in
significantly large errors and this usage is suggested
when k', is unknown.

The solid curve of Figure VII.1lO shows what happens when
a specimen, III-Al, is manufactured with a slop of approxi-
mately 0,005 inches, There is the initial friction 04,
the slipping AB, and a transition, BC, to the basic curve
CD. From C on the action is similar to that

of a specimen having no initial slop. The dashed curve
is for a different specimen. Here the slipping A'B' is
more as would be expected (about 0.005"). This is fol-
lowed by a steeper transition, B!C', to the basic curve
CD. Actually the two curves shown represent the extrames
in the region ABC for specimens having 0.003" initial
slop.

Figures VII.1ll through VII.1l7 present the "final" load-
deflection curves for the various types of joints tested,
Each of these hss been obtained as follows:

(1) The outer envelope, KIHFECA, as in Figure VII.O, was
"smoothed out" for three similar specimens tested.
The portion CA was extrapolated to intersect the
abscissa (at a point to the left of zerc), thereby
climinating the friction effect, This extrapolation
established a new origin for the curve.

(2) The results of this procedure for the three specimens
were averaged to obtain the "final" load-deflection
curve for the joint,
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Ths procedure can be seen by comparing the "final" curve
for specimen ITX-A, (Figure VII.1l) with one of the test
curves for III-i, (Figure VII.9).

For the cases of specimens having slop, the same procedure was
used except that, as in Figure VII.1C, the portion DC or DfC!
was extrapolated to intersect the abscissa (to the right of
zerc). This procedure thus establishes a new origin and
removes the "slop". {The slop is then considered separately
as discussed in Section III,) The results of this procedurs
can be seen by comparing the test results for specimen III-Bl
and IIT-B3 (Pigure VII.10) with the "finai" load-deflection
curves presented in Figure VII.12, The "final" curves of
Figure VII.12 are thus for such jcints after the applied loads
are large enough to "close up" any initial sliop in the actual )
structural asserbly, and they are, specifically, for the 0.005
initial slop in these tests.

An alternate method of considering the slop effect would be, in
Figure VII.10, to simply draw a streight line from C to C, or
to C'. This would result in a load-deflection curve having an
unchanged origin, OCD etc., but it coudd not be used with the
simpler analysis of Articles IfI.2 and III.3 (for the elastic
range). That is,the superposition approach of Article III.6
would always be reaquired because of this initial small slope
of the curve, Actually, in practice, there will seldom, if
ever, Le availatle any specific load-deflection curves of this
type. That is, only the load-deflection curves for "tight"
Joints can.be expected, and even these are not st present

:nerally available for many fasteners. Hence, in most cases,
the analyst must use these curves and consider the slop as dis-
cussed in Section IIX.

The “final" load-deflection curves derived from the load-
deflection tests are presented in Figures VII.1ll through VII.17.
Each of these curves has been obtained by averaging the load-
deflection data from the tests of three similar specimens, An
inspection of these results shows how some of the arameters
such as sheet thickness, single and double lap, fastener size
(1/4" bolts and 5/32" rivets) clamp-up (bolt torque-up) and
“slop" affect the stiffness of the Joint as discusse: in
Section V. In the case of fasteners with slop, the .lop has
been removed from the results as discussed previousiy. The
raxinum load for each specimen is also indicated. However,
this occurs at a large deflection (as does the max’mum stress
in a typical ductile material stress-strain curve) that is
beyond the limits of the test machine plotting equipment. For
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b,

imated to have occurred at a deflection of
about 0,10" = 0.15", or at 3 to L times the deflection
range shown on the graph.

le, Ppex, for the specimens of type III-A (Figure
VIL.A1) 1s o8t

Not all of the fastener combinetions tested were used in
the assembly test specimens (Types I and II) but have been
included in the test program to show the effects of the
various parameters, The results for specimens IT-Al-A3,
I1I-C1-C3 and IIT~D1-D3 indicate the reasomableness of ob-
taining k, for a joint of two different thicknesses as sug-
gested in Article V.2, They also show that the "secondary"
spring constant, k'g, can be estimated in this manner,

The results for the spotwelded sheet combinations, Figure
VII,17, show the joint to be of a brittle nature as would

be expected, There is no significant plasticity as in the
more “"ductile" mechanically fastened joint., (However, if

the mechanical joint is critical in shear rather then bearing,
it beccmes "brittle" like the spotweld.) Although the act-
ual spotweld lcad-deflection curve was used for predicting
the internal loads, it would probably be sufficient to sim-
ply replace it with a straight line having the initial slope
and the maximm value of Byagx, ShoWne

Doudbler Assembly Tests

The results of these tests are presented in Table VII.2.
For purposes of comparison both the test loads and the
predicted loads are tabulated, The three (or four in some
cases) outer fastener loads at omne end and the, maximum
Jdoad in the doubler are listed. The fastener loads were
obtained as the difference between the loads in the doubler
at successive stations midway between the fasteners, The
dosbier loeds at these stations are not listed but were
cbteined at each station by

(1) determining the stress at five points across the
member by means of a photostress analysis, This
was actually dome making a visual point analysis
vhile the specimen was strained in the test
wichine, However, the analysis can also be made
“rom the color photographs obtained.

(2) plotting these stress levels to establish a
curve showing the stress variation across the
member

(3) Integrating this curve to obtain the total loed
in the member at the selected station, This load
is, therefore, based upon the stress in the onte:
surface of the member and includes any bending
stresses present, It doeg not separate the
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bending stresses.®* For illustrative
purposes the predicted residual loads are
also listed. These are small except where
significant yielding has occurred at the
larger applied loads. The test values of
the residuel loade, where significant, wers
also estimated from the color photographs. 3

G i o U R (RN

|

In order to demonstrate the effect of using k'pb, tke
secondary fastener spring constant, upon the )
regidual load, the residual loads were also calculated i
i using this value for some cases., These cases are for
F the largest value of the applied 12ad only. Hence, ia b
Table VII.2 where two sets of valuer are shown for the 4
1 largest applied load, the last is for k'r . It is 4
seen that, for these fasteners, very 0 little
difference in residual loeds is precdicted from that
obtained when k_ is used.

%o

Tre predicted loads listed werz obtalned from the
computer routines presented. e ;redicted loads
shown for Specimen ¥E were not made using the
suggested diffusion methodj hence, they would be
expected to be somewhat larger fhan the test results.,

£ By comparing the tabulated test and prelicted values
3 the following can be seen.

L (1) The largest value of fastener load is seen

| to occur at the end fastener, as predicted,
2 in nearly all cases. The magnitude of this
load is in reasonably close agreement with
the predicted value, in general.

(2) The maximum load developed in the doubler
is in general, fairly clogse to the predicted
value. The variations are both above and
below the predicted values for various
specimens,

(3) The values of the fastener loads &are seen to
be consecutively smaller in the second sad
third fasteners of the various specimens, in
general. There is considerebly less agreement
between the test and the predicted values in
these cases, however,
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#* Although it is not believed that the bending stresses are large,
they would be more significant in the cases of single lap specimens.
An analysis as suggested in Article VI.5. would be helpful, but
was not carried out.
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C.

There is one major factor that affects the test
results, the initial slop. Although care was

taken so that a sliding fit could be obtained by
careful reaming of the holes, it is apparent that
gome significant slop ia present in some of the
holes. In general, when a hole im “sloppy" a

lesser load will be developed there, and the
fasteners adjacent to it will be loaded more than
when the hole is "tight". In addition, somewhat
leis load will then be developed in the doubler

than when n¢ significant slop is present. Therefore,
when a fastener has a considerably larger load than
predicted it indicates that a hole near it is probably
somewhat "oversize" and the fastener in that hole
would be expected to develop less load than predicted.
In Table VII.2 the results indicate some significant
slop to be present for example, .in Spec. I-Al,
fastener #1 & 2, Spec. I-A2, fastener #2, Spec. I-Bl,
fastener #1 and Spec I-D2 fastener #1,2,&3. In the
wide base structure test, Spec, I-E, some significant
slop appears to Ye present at fasteners #2 and #3.

Friction is another item affecting results. In
general, since it is neglected, it would be expected
that the actual (test) loads in the dcubler would be
samevhat larger than the predicted values. Hence,
it should campensate somevhat for asmall amounts of
slop.

Although the tests results vary more than
would be desired from the predicted loads, it is believed
that they do substantiate the suggested methods of
analysis.

Splice Assembly Tests

The results of these tests are presented in Table VII.3.
For purposes of comparison, the predicted loads are also
tabulated. In this case the three (or four) fastener
loads at one end are listed. The fastener loads were
obtained from the test data in the same manner as
described previously for the doubler assembly specimens.
The same remarks concerning the factors affecting the
doubler fastener loads also apply to the fastener loads
in the splice assemblies. In general the agreement
between the test and predicted values was not as good as
for the doubler assemp).y specimens. However, the large
loads at the end fastener(s) can be clearly seen, and

it is believed that the results do substantiate the
suggested methods of analysis for the case of splices.

130

et e i b

e e ey




it v 1o e s ey U PPN st T

d.

Further Notes on Tests

Since, in general, a small amount of slop appeared to
be present in many of the specimens, a calculation of
the internal loads irn Specimen I-A2 was made arbit-
rarily assuming that fastener #1 was "tight" but that
every other (alternate) fastener had .002" slop. That
is, half of the fasteners had .002" slop. The
resulting predictions showed that

(1) at the applied load Q = 1h,152# Pi would be
about 160# larger, P, 70# smaller and P,
about 130# larger. Ehua, a moderate amdunt

of slop can significantly affect the test

results, as far as comparisons with predicted

loa? values are concerned.
(2) at the higher value, Q = 18,000#, there are

smaller predicted differences since the slop
is less significant.
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Figure VII.1&,

Strain Distribution in FPhotrstress Plastic Specimens
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SECTION VIII
PRACTICAL APPLICATICNS
VIII.1 INTRODUCTION
The general reasons for which a doubler or a splice 3

installation and analysis might be necessary have been discussed in
Section I. As listed there, these include the purposes of improving

strength, stiffness and fatigue life necessitated by reasons D)
involving design, service useage or salvage and repair. The
purpose of this section is to illustrate some main design points 3

and vossible installations, including a suggested general procedure b
Tor designing a doubler.

In general, the design of a doubler will have the f
following basic requirements: : 1

-
o
5

a. Be of such a configuration as to "pick-up" enough 1 %
load either to properly relieve the base structure, ’
nr to stiffen it as required. The amount of load
to be picked-up by the doubler nmust be defined
before the doubler design and analysis can be , ;
commenced. 1

b, Accomplish this function without overloading any
of the fasteners attaching it. That is, each
fastener will have some maxirmun load that must
not be exceeded, established by either a yielding
or strength or fatigue consideration. These !
maximum loads for the fasteners are referred to
as the fastener "zllowable" loads and are of three
principel types

(1) The fastener load that produces yielding of
the fastener-sheet combination. The '
definition of yielding is presented in
Reference (9) along with specific values
for numerous fastener-sheet combinations.

(2) The fastener load that produces static
failure of the joint. These loads are
presented in Reference (9) for numerous
fastener-sheet combinations.

(3) The fastener load that produces such a §
bearing stress on either sheet as to begin i
to reduce the fatigue life of the sheet oo
below its required amount. Or, stated !
another vay, the fastener load that
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produces the maximum bearing stress on
either sheet that is permissable from the
standpoint of the required fatigue life

of the sheet. This bearing stress should

; include any "peaking" effects at the edges
of the sheet. These peaking effects will
be larger in the case of single shear joints
than for double: shear joints.

b e m v o - et v

This fetigue consideration may be quite important in the
design of dcublers and splices. As i< well known, available data
(Reference 8) shows that the fatigue 1life of an axially loaded member
is a function not only of the tension stress, ft’ but also of the ¥
bearing stress, » in any loaded hole in the member. ‘The larger : !
the ratio:‘ gﬁe shorter becomes the fatigue life for
repetitive cycles of the loading. Reference 8 shows, for example,
that for the case of an applied loading (producing %, and#)
cycling between £, = O andfa, = 47,000,the fatigue life for
7075-76 Alc. sheet will decre "u?rom 10,000 cycles when Jﬁ, j
to 2,400 cycles when %, .= 47,000 (= . This is, of cour’e, :
a most significant reduction in fatigue life. Although the data
of Reference 8 is for a bearing stress distribution corresponding
to a double shear application (obtained by using a pin for applying
{ the bearing loads) it appears to be "usesble" for typical single f
: shesr ipplications where some clamp-up is present. Typical
7 examples would be driven rivets or torqued nut installations. |
Therefore, it is important to consider these possible harmful
effects of large fastener loads when a doubler or splice is
designed. /

w,.‘,..__‘_

& e

i In the case of a splice the same basic requirements would '
g be present, except that the load to be transferred is all that.mst
be defined, in VIII.la.

VIII.2 GENERAL GUIDES FOR DOUBLER DESIGN

The design of a doubler installation is, thus, a tailoring
process to satisfy these requirements. The doubler's planform and
thickness profiles and the types and numbers of fasteners are the
rnain variables. Space limitations are also a frequent factor. The
designing is essentially a "cut-and-try" procedure, using the following
general guides.

. a, To increase the load picked up by the doubler
E

3 increase the doubler planform width '
increase the doubler thickness

increase the length of the doubler !
increase the number of fasteners ?
increase the size of fasteners

r——
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(6) use stiffer fasteners (material change)
(7) use stiffer doubler material

b. To reduce the "peaking effect", that is the large
fagtener loads developed at the ends of the doubler

(1) taper the doubler planform

(2) taper the doubler thickness

(3) use a narrower doubler width at the end.

(k) use more flexible (or smaller) fasteners
at the ends

c. In order to insure all fasteners loading up
efficiently, and also more consistent results,
the doubler should be installed (ideally) using
close tolerance or reamed holes when non-hole filling
fasteners are used. In most practical cases,
fasteners of this type will be used since the
stiffer steel fasteners are much more efficient in
"picking-up" load. In instances where this cannot
be done the effects of any possible "slop" should
be considered by including this in the analysis.

An inspection of the predicted loads for the various assemblies
of Table VII.2 reveals how changing some of these parameters affects
the distribution of fastener loads and the load develzyed in the
doubler or splice merbers,

VIII.3 GENERAL GUIDES FOR SPLICE DESIGHN

The main effort is to keep the length of the splice as
short as possible. Within this limit the "peaking effect" can be
dealt with as outlined in VIII.2b previously. The comments in
VIII.2c also apply to splices.

VIII.4 GENERAL PROCEDURE FOR DESIGNING A DOUBLER

The following steps would nornmally be taken in designing
a doubler installation.

a. Define the general area of the base structure that
requires reinforcing. This will determine whether
the analysis rmst be made for all of the base
structure (a2 conventional analysis) or for only a
part of the base structure (a "wide base structure”
analysis) which is somewhat more laborious. Two
such cases are illustrated in Figure VIII.1l which
shows the need for a doubler on the lower (tension)
skin at the root of a swept wing (a) and (b) and on
a straight wing, (c).

L]

7

I et e e

s

o~
e




A e K il s M P, .t s 30 g 30
N o e i,

‘a)

Figure VIII.1 Doubler Installation On A VWing Skin

In (&) the internal structural arrangement and the
loads are such that a reinforcement of the skin is
necessary only locally, within a few inches of the
point A. Hence, the doubler is local on the skin
and the "wide base structure" analysis is applicable.

In (b), and in (c), the situation is such that a

doubler is required along the entire root chord, AB,

e and also across the entire root section. Hence a set of

i doublers, or a single "finger" doubler arrangement is
required, Such a doubler is the same as several sepa-

// rate cies but made as an integral unit. The fingers may
be required instead of a single edge in order to keep

the load fram building up too rapidly ("peaking") at the
ends of the doubler, That is, the amount of taper that
can be put in thicknesswise will usually not be enough
in itself to reduce this peaking sufficient? In Cases
(b) and (c¢) the wide base structure analysi .s not
required.,

(b) sSketch in a doubler over the critical area
to be reinforced and extend it beyond this

area in order to pick up the load that is
to be kept out of the critical area, as in
Figure VIII.Z2.

2
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VIEW A-A

Figure VIII.2 A Preliminary Doubler Installation

c. Obtain a first guess for the required size of the
doubler in the critical area (View A-A) as follows:

(1) Assuming the doubler to be, say, 90%

(2)

efficient in picking up the reqiired
load, the load in the doubler at the
critical section will then be given

_ 70Ap £p
P = Q(70Ap££-f /zsfs)

- FO Wt £p

TOWy b Ly + MG EsEs
The required value ior P is known, since
this is the amount by which the doubler
must relieve the base structure. Also
the values Wy» g, Eg and are known.

Hence the required area of the doubler,
thD’ can be initially estimated as

Mot = sorfyey (Hefsts)

W, should be about as wide as the base
s%ructuré*but it could be made smaller

*This is for the case of narrow base structures. For wide
base structures the dpubler width is, of course, much
smaller as in Fig. VIII.la.

-
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d.

particularly if the resulting thickness,
tg, is judged to be too thin. However,
the thinner the doubler the less the
eccentricities involved (smaller secondary
bending moments) and the better is the
structural system in this respect.

Next a value for L must be assigned. This should be
as short as possible from weight consideration, but
must be enough to pick up the required load P and
still not generate too great loads at the ends. (as
discussed in Art. VIII.1l). This can be deter-
mined accurately only by a "cut and try" procedure,

but as a first guess L can be taken as about 5
times W.

A tapered planform for the doubler can then be

s}l :25ched in, wide enough at the ends to pick up
¢r fastener. (The end fastener load can be
initially guessed at using the suggested formula
in Article IIX.2, to estimate the required size of
fastener.)

An array of fasteners can then be located as shown

in Figure VIII.2. In order to pick up loed efficiently
the fastener-sheet combination must have a reasonably
stiff joint spring constant, . This usually means
that steel fasteners are required. However, if
aluminum fasteners are used the diameter should be
large encugh that the joint is critical in bearing,
not in shear, to insure a ductile joint rather than

# brittle one. In any event the load-deflection
characteristics for the fasteners selected must be
available,

An anslysis can now be made as discussed in Section IIX
to determine the internal loads. In most practical
cases the simple analysis of Art., III.2, and Table
II1.) is adequate. The resulting internal loads must
be such that

(1) The resulting load (or stress) in the base
structure is reduced to a satisfactory

megnitude to satisfy any strength, stiffness
or fatigue requirements.

(2) The load in the doubler is satisfactory. That

is, the stress levels in the dcubler (and,
hence, the values of E; used for the doubler
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element spring constant determinations)
are consigtent with what was assumed in the
analysis, normally elastic stress levels.

(3) The local bearing stresses due to the fastener
loads are low enough so as not to fail to meet
the fatigue life requirements when the base
structure and the doubler are in tension.

h., If the load in the base structure is not found to be
sufficiently reduced (doubler load is not large
enough) some or all of the sieps in Article VIII.2
are required. Opposite steps are, of course, taken
if the doubler load is found to be larger than
necessary, to keep the weight down.

i. If the peaking effect at the ends is too large a
reshaping in this vicinity is required as sketched
in Figure VIII.3.The initially guessed shape is
shown as the dashed lines. The final shape (arrived
at by "cut and try") is shown by the solid lines.
Note that the ends may be tapered in thickness to keep
the end fastener loads small enough. .

Figure VIII.3 A Tapered Doubler

Summerizing, the final doubler design is arrived at by
the “cut and try" procedure, using the previously outlined steps
and engineering judgement as a guide in making successive trials.
The final design must satisfy all strength, stiffness and fatigue
criteria for the structure. In most practical cases the usual
requirement of no significant yielding at limit loed means a simple
elastic analysis gas in Table 1.1 or III.2). If each type of
Joint is ductile (eritical in “caring) the design should then
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present no problems in carrying the ultimate load.* That is, a

plastic analysis at the ultimate load factor should not usually

be necessary in such cases, but it can be made as suggested in J
this report. Any detrimental secondary effects should be «
considered, es suggested in Article VI.S5.

Some additional comments on this subject are included in ;
Appendix I.

The design of a splice would be approached in the same
manner when there are meny rows of fasteners. That is, the thickness i
profile would be tapered to keep the peaking effect as small as
necessary from any strength, yielding or fatigue considerations.

*When there are only a few fasteners present, which is the usual case
for splices, the plastic analysis for the ultimete load is more likely
t0 be necessary.
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APPENDIX I

AI.l INTRODUCTION

The purpose of this appendix is to present additional
methods, discussions and illustrative examples which, for purposes
of clarity, have not been inclvded in the previous sections of the
report. The following topics, by article number, are included.

13
i
§
ADDITIONAL 7TOPICS AND METHODS J .
|
{
!
f
!
1
AI.2 "Short-Cuts" For Symmetrical Doubler and Splice |
Installation. {
AT.3 Accounting For The kffect of "Slop" and
Plasticity on Internal Ioads.

AL.4 Accounting For the Effect of "Slop" and
Plasticity on Residual loads.

AI.5 Accounting For "Slop" at One Or More
Fasteners In a Row or Group.

AI.6 Doublers on Wide Base Structures
AT.7 Doublers Reinforcing A Cut-Out

AI.2 SHORT-CUTS FOR SYMMETRICAL DOUBLERS AND SPLICES

When symmetry is present in both the structure and in the
applied loads it is not necessary to calculate all of the fastener
loads as in Table III.1l and III.2. This can save considerable time
and chance for error in a hand mnalysis. The analyses can be
shortened as fecllows:

a. $Structure having an even numbey of fasteners, N.
(1) Doubler Calculations !
The two center fasteners, n = N/2 and
n = N/2 + 1 must have equal and opposite
loads. Hence it is only necessary to
include N/2 + 1 fasteners in the table

of calculations. The "error" in any
trial will then be

Bye * Bife 4197 G * Qo ;
(2) Splice Calculations

Again, only N/2 + 1 fastencrs need to

157




.{

Bovie T $e el

be included. However, in this case
the two center fasteners must have
equal (but not opposite) loads.
Hence the "error" will be

Pyse = Py +1 07 @}«/2 'Q/z + 1

b. Structures having an odd number of fasteners, N.
(1) Doubler Calculations

Only (N+1)/2 fasteners need to be inclvied
in the analysis. The center fastener,
n = (N+1)/2 must have no load. Hence the
" ” .

error’ will be PN 4 /2 or @q +1 /2

(2) Splice Calculations

Only (N+3)/2 fasteners need to be included

in the analysis. The fasteners on each

side of the middle one, n = (N-1}/2 and

n = (N+3)/2 must have equal loads. Hence
" 1)

the "error” will be P(N-l)/2 EkN+3)/2 or

@{n-l)/e '©(N+3)/2-

It should be remembered, however, that an unsymmetrical
distribution of "slop" destroys the symmetry of an otherwise
symmetrical structure. Sometimes, however, a structure which is
very nearly symmetrical is considered to be so in order to
facilitate a hand analysis and obtain quick estimates.

AI.3 ACCOUNTING FOR THE EFFECT OF "SLOP" AND PLASTICITY ON
INTERNAL LOADS

The analysis outlined in Article III.6 does not (as
presented) include provision for the presence of "slop" at one or
more fasteners. However, this effect can be accounted for by a
simple addition to the procedure outlined in Article III.6 and
illustrated in Table IIX.3. It is only necessary to include the
effect of "closing up" the slop by including the term A($ " 5 D)
at any fastener, n, subject to slop. The procedure then n
accounts for the fact that until the slop is "closed-up" the

fastener is ineffective (or kp = o).
n

FProcedure (Carried out in a table similar to III.3)

a. At any fastener having a specified slop,zﬁc, include
the term A (6 - JD) in Col. @ The value of this
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is obtained from Col. (@ of the basic table
(Table III.1 or III.2) for each unit solution.

b. Then in the analysis include the limiting effects s
as these clearances are successively closed up
and the respective fasteners become effective,
That is, for the first increment, kF = 0 but

when the value of A(§ g SD)n n equals
the initial slop,Ac_, the fastener

becomes effective, ki # 0, and another unit

solution is required M for the next loading
increment.

c. The previous effects of limits due to »nlasticity
(as in Table III.3) are still present and are
considered just as before.

d. It is possible that in <ome cases the initial
slop will not be comple.ely closed up. This
would be most likely to occur at the "center
area" of a long doubler (or splice). The
following example illustrates the procedure.

.

Example Problem

Rework the example problem of Figure III.ll assuming that
there is an initial slop of .005" at fastener #2, #4, #7 and #9.

Since the slop is symmetrical, only half of the structure needs to be
considered, as n the previous example.

The analysis is carried out in Appendix Table AI.l which is -
similar to Table III.3. Note, however, that provision is made in
Column 1 for the value of A(§g - gD) at fastener #2 and #U.

a. the first unit solution is made assuming
ky =k =0 (=k7 = k9) because of the slop.

b. the values of A(S g~ & ) are entered in Col.(®
as obtained in (a).

LS

- a7 o b o o

c. the limiting values of .005", the initial slop, 1
are entered in Col.(3)for these terms. This pe
means that when any slop closes up a "“new"
structure is present since that fastener
becones effective.

a5 e en -

d. Columns@—@are completed as indicated. It c
is seen that the smallest limiting ratio is L
due to the slop at fastener #2 closing vp.

R
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e. the second unit solution is maé)e h@ing only
(and ) = 0 and columns(7)- Q1) are
by, (20 b

completed. The slop at fastener #4 (and #9)
is not yet closed, but fastener #1 goes
plastic, limiting this loading increment.

f. a third unit solution having kF1 = 103,300

and k, =0 is made and Col. (@) - () are

comple%ed. The limit for this increment is
due to the slop at fastener ## finally

closing up.
g. & fourth unit solution is made for kF =
103,300 and a1l other fasteners 1

having k., = 256,000. The limit here is the
allowable load for fastener #l1 of 6450# (per
Figure ITI.1lb). It is seen that this occurs
for en applied load of Q = Ll ,205#.

The values of A(fg - &), are accumulated as shown in order to be
able to determine the residual loads after the applied load,
Q = 44205, is removed. This is discussed next.

AI.4 ACCOUNTING FOR THE EFFECT OF "SLOP" IN THE PLASTIC RANGE
ON RESIDUAL LOADS

In order to determine the residual loads the procedure
of superposition can be used but not as simply as in Article II.7
vhere slop was not considered. In this case the loading to be
superposed on the results of Table AI.l must be arrived at as
follows, referring to Table AI.2.

a. To begin the "unloading" procedure, which uses the
applied load for later superposition, all
fasteners are effective (as indicated in Col. @
of Table AI.l. Hence & unit analysis is made for
an applied load of Q = L4205 and kg---ky =
256,000, the elastic values. 1 5
The limiting values of A(§s - § )n are shown in
Col. @since, "working backwards", at these values
the fasteners will again become ineffective. These
values of A(§g - §) are obtained by subtracting
the initial slop from the values in Col. @) of
Table AI.1l. It is seen that fastener #4 is the
limiting one, becoming ineffective before
fastener #2 does.
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b. A second unit solution is then made in which
th . O (and, hence, PF)-& = 0). The limiting
value of A(f. - JD)2 is still .01648" since
it has not yet reached this amount. The
limiting value of A(fg - §p)), is shown as
.00732", the initial sls.op, since this represents
a return to the original condition (before any
loading) The value .00732" is from Col. @ of
Table AI.l . Actually, because of yielding, the
value of A 65 - §p),, can never reach its limit

from Col. 1 Col.C{)through @ are
completed as shown, with fastener #2 now becoming
ineffective.

c. A third unit solution is made having kg, = kF = 0.
The limits for both A(6g -fp), andA(& - 8,), are

now from Col. @of Table AT.l. The fiual results
are shown in Col.

The residual loads are obtained by superposition,
subtracting the values of Col. Table AI.2 from thoge in
Col. (21; Table AT.1l. It is seen that because of yielding at
fastener #1, the "slop" at fastener #2 and #i does not return
to its original value of .005", but remains partially closed-up.
Hence, any future analyses (having @, less than 4l ,205#, the
allowable amount in this structure) Would start from this basis.
That is they would be simple elastic analyses made as in Table
III.1 or III.2 but would have initial slop values included for
the fasteners #2 and #i of the amount

Ac, = .00500 - .00298 = .00202" (=Ac9)
Ac), = .00500 - .0011% = .00386" (=Ac9)
The analysis would be made as in Table AI.l, the limits in Col.
® etc. being either these "net slop" values or the values of

Q applied. The results would then be added to the residual loads
to obtain the final values, just as in Table III.7.
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AI.5 ACCOUNTING FOR SIOP AT ONE OR MORE FASTENERS IN A ROW OR GROUP

In Article III.5 and Figure III.9 the grouping of several
fasteners in a row into a single larger effective fastener was discussed.
If one or more fasteners in a row (or in a group of several rows) is in
a "sloppy" hole and if the effect of this is to be evaluated, an
additional refinement is required. This uses the principle of super-
position of separate asnalyses as discussed elsewhere and illustrated
in Art III.6 and AI.3. The steps are as follows:

a. Assume the sloppy fasteners are "out" or ineffective.
Then determine the effective kF for the remaining
fasteners in the group and carry out a unit analysis
for the internal loads.

b. Determine the increment of applied load,AQ, required to close
up the first of any sloppy holes and let this fastener
be then considered as fully effective. This increment
is calculated as was done in Table AI.l

¢. Repeat steps a, and b, until the sum of the increments
of the applied loading equal the true applied loading.
%.1e internal loads will be the sum of the various
increments of internal loads obtained in the
successive analyses (as in Table AI.l)

This can be quite an effort if there are numerous groups having
varying amounts of. slop within the group. ‘In such cases it may be
more desirable to simply omit one or more such fasteners from the
entire group, assume the remaining ones to be "tight", and thereby
avoid the above tedious analysis. This requires some engineering
judgement, but it can in many cases be an adequate approach.

AI.6 DOUBLERS ON WIDE BASE STRUCTURES

Such cases would arise where it is necessary to reinforce
a skin at a local (or small) area only. This could be due to local
structural or loading conditions or cut-outs as discussed in
Article AT.6. Such a case could also arise simply because an
unrelated member (bracketry) is attached to a skin.

The basic approach has been suggested in Article III .9
However, the results of the tests of the specimen of Figure VII.S
and of separate calculations for "shear-lag" show that it is more
reasonable to establish the individual diffusion lines as shown in
Figure AI.l not as in Figure III.15 or III.16.
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Figure AI.1 Diffusion Lines For Practical Analysis Purposes

That is, as would be expected the dimension h appears to
be some function of the rivet diameter and the length . This
function is not known and would need considerable experimental and
analytical work to be accurately defined. For purposes of
preliminary engineering design the value h = 6D (D = Fastener
Diameter) is arbitrarily suggested. The slope of the diffusion
lines would also need further expesimental effort to be accurately
defined. However, the slope of 4O, or perhaps slightly less,
seems to be reasonable for arbitrarily defining the effective
width for preliminary design purposes. It should be remembered that
these arbitrary diffusion lines are being used not to define the
local stresses in the sheets, but rather to obtain a more realistic
estimate of the fastener loads. There are two consequences here:

a, If the diffusion lines are taken at too steep
a slope (a 90° angle is equivalent to
considering the base structure fully effective)
the fastener loads and the doubler load will be
over-estimated.

b, If the diffusion lines are at too shallow an
angle the fastener loads and the doubler load
will be underestimated.

It is believed that the assumptions of Figure AI.l give a reasonable
compromise. The analyst can, of course, calculate "limiting" cases

for 8 and b above using a lesser slope, say 25 , in b, Then,

to be conservative, use & for checking out the doubler and the

bearing stresses on the base structure and b for checking cut the base
structure in its critical area where load relief was originally required,
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The predicted loads for Specimen I-E in Table VII.2 were
computed assuming all of the base structure to be effective. That
is; the suggested diffusion analysis was not made. Hence, it would 5
be expected that the resulting test values of fastener loads and
maximum doubler load would be smaller than the predirted values. : 4
This is what is seen in the table except at the end fastener, #1, A :
where the test load is larger. 1t appears that this is partly due 3
to some slop in fastener #2, which makes the results somewhat less
clear as to the exact effect of the wide base structure and the 5
, associated diffusion effects. However, the total load developed in ]
the doubler is seen to be considerably less in the test results than

R i« T

i

oA L i ey

—.‘!A e

is predicted by assuming all of the base structure to be effective.
This would be anticipated.
The suggested analysis for the case of wide base structures !
' is admittedly arbitrary and much date is needed for meking it more
H

accurate. However, such structursl arrangements do arise and the
designer needs some practical rational procedure for estimating the

internal loads for such cases., The suggested approach is made on
this basis.

AI.7 DOUBLERS REINFORCING A CUT-QUT FOR AXTAL STRENGTH OR STIFFNESS

It may be necessary to install a doubler to provide either
the strength or stiffness lost in a member because of the presence
of a cut-out. (This should not be confused with the reinforcing of
a hole from a shear strength or buckling consideration which is
, another problem). TWo general cases are mentioned below. In either

case the suggestions of Article VIII.4 and AI.6 apply. In the first
IR case the doubler covers the hole. In the second case the doubler
[ | also has the hole.

e e e e AP

) E a., Doubler Covering the Hole

! (1) The effective edge of the base structure
b at the hole is arbitrarily defined by the
s lines having a 40 slope as shown in
Figure AI.2b. These are drawn tangent

to the cut-out. The cross-hatched width }
i8 ineffective.

(2) The base structure is then defined by {
these edges, (1) sbove, by the diffusion

i ¢ lines shown, and by the outer edges of

; the base structure if they lie within

the diffusion lines (See Art. III.

and VIIT.Y4)
1 (3) An analysis is then carried out to determine f
. the internal loads and the adequacy of the )
14 doubler instellation as discussed in Article
‘ ’ VIII oh ]
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(a)

Installation Of Doubler

Effective Base Structure

Figure AI,2 Salid Doubler Reinforeing A Cut-Out

b. Doubler Having The Cut-Out Also

(1)

(2)

(3)

The base structure would be defined as
suggested previously.

The effective edge of the doubler in the
a.rsa of the hole would be defined by the
40" lines as shown in Figure AI.2b. That
is, the effective edge of the doubler at
the hole would be defined in the same
manner as the base structure,

The analysis would then be carried out
as described previously.

166

Camcee e meree




i —

s oo B

APPENDIX II

REVERSED LOADINGS

The methods discussed in this report and the specimens tested
have been for the case of loads applied in one direction only. The
tests were all made for the simpler applied tension load. In
practice, the loads may be in either direction.

The methods suggested should elso be applicable for the case of
successive applied loads that include load reversals. That is, both
tensile and compressive loads may be applied in random order. The
"bookkeeping" would be more involved, of course, for excursions into
the plastic range, particularly when slop is present. However, the
basic approach suggested in Appendix I, Article AI.3 could be used.

Under the usual circumstances of having no available experimental load-

deflection data for "compressive” joint loads, it would be necessary
to assume the compressive data to be identical to the tensile data.
This is sketched in Figure AII.l vwhere (+) indica%tes tensile and (-)
indicates compressive loads.

AN
1

(Pload

¥
(-) Desffection ,@//5' L) Deffection
/
¥

Pigure AII.1l Load-Derlection Curve for Reversed Loadings

Under a reversed loading (+ to -), the action could be assumed
as follows:
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1,

3.

L,

Beginning at O, the tensile load causes movement as
described by the line OA,

When this load is removed, the line ASl, is followed,
leaving a permanent set, Jl’

When a compressive load is applied, the movement is assumed to be
elong the line §;B which has the same slope as the "compressive"
loed deflection curve. Actually, it would be expected that this
would not occur but that there would be &"transition region”for
small). values of load (~-P) having a considerably lesser slope,
This could be defined oply by tests and would probably be e
Tunction of the specific fastener and sheet combinetion,

When the coampressive load is removed the movement would be de-
fined by the line B§ 5, to the permanent set §p ete,

In most practicel spplications either the tensile or the come

pressive loadings would be dominant, That is, the reversed loading
would be smaller and would not externd into the reversed plastic range,
If it d%id a serious fatligue problem might be anticipated.

Thus, it is seen that attempting to account for the effects of

reversed loadings is a difficult task, requiring even more experimental
data that is not presently aveilable, However, when the loads are in
the elastic range no significant permanent set is generated and only the
siupler analyses as in Tables III.)l and I1[.2 are necessary.
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APPENDIX III 1

ADDITIONAL COMPUTER ROUTINES

AIII.1l INTRODUCTION

The purpcse of this appendix is to present additional
routines that have been developed for specific installations. These
are described below.

AIII.2 SPLICE ROUTINE

This routine has been discussed in Section IV and is presented
in Figures AIII.l through AIII.3.

AIIT.3 STACKED DOUBLER ROUTINE

This routine applies only to an installation having one
extra (stacked) doubler. No provision is made to account for the
effect of slco or plasticity. The routine is presented in Figures ATII.k
through AIII.6.

AIII.4 STACKED SPLICE ROUTINE
This routine applies only to an installation having one extra
(stacked) splice membes. No provision is made to account for the

effect of slop or plasticity. The routine is presented in Figures AIII.T7
through AIII.Q.
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e en o eme ol ~PLASTIC
S.0001 . _4£) FEORMAT(]

SPLICE

1o 22X, BHXAL (Y .5} 22X, 8HXAL ([ ,6)1)

AL(T02) 92X BHXALLT¢3) 42Xy BHXALL{TO)

SS.0002 4

143X BHXKACT 450 43X, BHXKALL 460}

S0 _FORMAT(IHY L IX o BHXKA (L 1) 43X BHXKALT 42} 43X BHXKALL 430 o AN, BHXKA(L 44}

S.£e0n2 462 FORMAT( /L1 X GHYQT=,FT7, 0} .
S.O004 4SS _FORMATAAX o 2H XL 45X 3HXDT 43X o 3HX WO 3X 3 AHAL U, GX o AHYTS AKX IHXWS 44X,
X2HX S 2 X e 2HXNR 42X, 3HXQO)
~S.L8S 4SS5 FORMAT(1Xe4bXEDS,F9,0)
S.L006 457 EQQMAY (Y X, 3HYN= JE6,.0)
(Sl sla ) 454 FEORMAT(/IX,GHPE As FL,0)
S.nnNg 488 EORMAT(IX 4HXES=,FQ,N}
S.CL08 453 FORMAT(IHY 20X ,6HSCLICE 41X, SHINPUT)
S.opn 11 _ENRMATLER i ER.G L4.0,F7,.0)
Sy 482 FORMAY( 1 X 4HCASE 1 Xo6HND, =110}
S.0N12 4%) EORMAY(//1X,13HCONEIGURATION,1X 44HNO .=, 110}
~Safr12 276 FORMAT(/Z/YX,3THFIRST FASTENER FATLURE ANND TOTAL | CATD/Z/Z)
S.0014 450 FORMAT(2110)
S.hnys 4G6 FCRMATI VX 3HSAY Y XoAHFFL] O olHe s4HTHIS ¢ 1 X o THPRLBI EN, 1X4 2H1S, 1X,
X3HIO Y X, QHSENSTITIVE ,1H, o THREGROUP,IX ,GHFASTENFRS }
S.O0NYE 17 FORMAT(28XaAHSPLICE o1 X o SHIOINTY 41X AHANSZ )
S0 1c 3
106X 3HXQT S X 3HXQR 4 BY ,AHXKS])
S.n018 18 FORMAT(2F11,0)
SLN19 21 FORMAY(AFIC, 1)
S.CN20 20 ECRMAY{&E11,0)
N SAPA] 14 FORMAT{FE.,0)
SL.0r22 10 _FORMAT(SEIN.4)
~S.0nN213 87 FORMAT(FIC, 21}
~S.0024 16 FORMAT(FL  OgF4,0,E9,0,2F8,0,F1]1,.0,2E6R,0,F11.N0)
S.on28 12 _FORMAY(FZ.0)
IMENSION XKD(99) (XKS{99)  XKON{99) (XKSS{931,X1SS(99])
S.0n27 DIMENSION X1 (99) o XDT{GS) o XWN(39) (XIK(99]) XTS{99) , XWS {99},
1XS199), XNR{GG) ,XQ0(99) (XL U(99) ,2({99) 4XQK(99)
~S.0028 DIMENSTON XKA(G9,A) (XN{G9) 4XPF{99) ,XR{O9)4XT(99),XTQ(99)
~S.na2g INYEGER_ XST XZP o XMC o X0 (XY VT X H o XQRYT,PLA
a3n ]

Nl R XTDo

———  1XOR.XBS,XRPXDI ¢XAP(G9) (X1 N{O99},XBQ(90) ¢XAL{99:6) 4 XY74 XP, XPR

1o XAM(G9), XA2(G9) ,XSSP(99])

~Sapfn3) REAN(S,14) XKP
~S.003?2 NNP=XKP

S.0N22 NKP=0
ALK Y 95¢ _CONTINUFE
~SaQin3s RN
—Sa1N36 WS=0,0

Safn37 REAQ(S,45C) AA.AB
—S.0Nn3p NKP=MNKP+1
~3.00329 RYI=C
~Satse READ(S,14) PIA
Salth4Y READ(5,18) XEDLXES
~Salr42 READ(S.14) XN

Figure AIII.l. Splice Program
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820063 WRITF(A.453)
S.0N44 WRITF(£,451) AA
. S.nnss _WRITF(6,452) A8
Sa0naé hRITF(6,454) PLA
SNN47 WRITF{L,686) XED
Saftn4e WRITF(£L,456) XFS .
S.N049 WRIYF(£L.457) XN
S ANEN XLRP=1,0
S.fC51 N=XN
S20052 D0 120 [=1.N
SafiNnE Xau(1)=0,Q
S.0054 10 2813=1,
- S.0068 __ _ _  READ(S,I0ON(XLAI)XDT(T) o XhO(I) o XLUST) o XTS(L) o XWSCIY o XS(I)a XNR(T s
. XI=).N)
S20N5¢ REACIS,R897) (XQ"(I).I=1,N}
SaNS57 WRITE(&,459)
Se0058 RRITE(S10) (XL (T) o XOTCLI} o XWOCT) o XLUCT) o XTS{T) o XWO(T)eXSEI)y
IXNRETI) o XQC(I) o I=1 4N}
9.015¢ READ(S5,13) XQP -
S.0nen WRITE(&,462) XQP
S-Cr61l N0 19% I=1,N
Salhg2 XKD(EI=XDTCI)eXWD(TI)*XEQ/XLUCT)
Sa.0ne2 XKS(I)=XTS{I)*XWS{1)eXES/XLU(T)
Sa.Cres XL SS{I)=XS(1}
Sa008S XKSS{I)=XKSC(I)
SaL0RA XKDODEI)=XKD(])
S.ONKT XQK{1)=0.0
S.0nénR 195 CONYINUE
S2006% XQI=X0p
SLL070 XTQ{(N)=0,0
S.0N71 GO0 16 ¢71¢
S.07°172 977~ CONTINUF
S.0073 XQ[==XTQ{I}+XTQUI} /XYR*XQQK
S04 DO_1758 JI=1,N
Se£775 XQC{1)=-XQK(]) ‘
SAQ0N7& XS{1)=x§ SS(1)
Sa0077 1055 CONTINUE
Qa8 PLA=0,0
Sa0C079 RYI=1,
Sa0080 976 CONTINUE
S.0081Y READ(S,20) (XKA(Ts1d s XKA([92) o XKA(T02) o XKA(Fo4) o XKA(F,5) 9 XKA(T+6)
) [=10N’
S20082 WRITES6,462)
Qa8 RITE o XKA KA XKA(T 4) XKA(Y,S5)y
IXKA( T 46)e[=1,N)
S<LNR4 READ(S o210 XAL (T 2] ) o XAL (42} o XAL(],3),¥A L) JXAL(TS5) s XAL(,6
1eI=1,N)
S.0NASY WRITE( 68,4611
0NgA E{A A 5
IXA Lt 1.6),1=1N)
S.0087 X70=0

Figure AIII.l. Splice Program (Continued)
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NRALY K Xy=0
S.nnES Xp=r, D0
S.07G0 XAM=1,
Sa%191 XT11==-1.
Saftng? XSi=n -
SaNnG2 xep="¢
§$.0094 xIp=0
Sa0nge J=1
SaNge I=1
—_5.0097 GO_Y0 430
s.0n488 40 CONTINUE
S.0099 Wi=C,0
Sarlaoe K$=C. N
S.C171 1£(.9999~-%XP) 372,302,173 ___
$.0102 1798 CONTINUE
S.01012 JE(XP) 401-1302,41%
S.N1%4 1302 CONTINUE
$.0105 {F(ABS(XQI)=ABS(XQP)) 4Cl,372,40]
Saf106 4C1 CONYINUE
Scni1n? XQI=XOI*(1,=-XP) —
S.0118 D0 .1008 1=1.NMN
$.0109 MQL(T)=XQO( 1) %(],=XD)
SO0l 19C¢ CONYINUE
S.0111 458 CONYIMLUE
S.0112 X29=0
S.”112 xy=0
SJO14 XANM=1.
S 118 XY1==1,
S.N114 XSI==1,
S.0112 [E(XUY) 370,430,37)
S.N118 371 _CONTINUE
S.011¢ 114=72K
S.0V20 IELZ(111)-£,) R&4C,867,GQ8
S.N121 R4N CONTINUE
S.0122 IKA=XAL (I, J0JJ4d)
S.0122 IFCIKA) 989,898,308
S.DV124 268 CONTINLE
Ssf128 XKAL 1LY ,.d Y=XKALITT, 0 0¢))
S.0V26 XA L (f1%,..0 )=XAL(T1T,.0.0.0+1)
S.0127 2(711)=7K+1.
<.0128 G0 10 21¢
S.N12¢ €6 1I1=111
Sa0130 GO ¥O 968
S.0111 A0 _CONTINUE
S.N132 JLi=YK
S.123 (11 )=YK+1,
S+0134 IE(Z(I1)=£,) 76,799,598
SL.0138 79 _CONTINUE
S.0124 IKS=XAt (11, )d+1)
S.01327 IF{IXS) 969,990,42C
—_ ¢1138 429 CONTYINLUE
0139 XALCTT o0 d=XAL(TY , 0. 0¢1)

Figure ATIT.1l. Splice Program {Continued)
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S.014n XKAC YTed 3=XKAUIT,.0J0e1)

S.Nn141 43¢ CONTINUE

SaN142 =1

SeN143 XAED=XDY({ I3 *XWD(II*XED

S.N144 XAFS=XTSLI)#XWS{IY*XES

SL.0N145 XPA={{B./XN)/{XEFN+XAFSY)*XCI*XAFD
S.0146 GO _I0 &

S.N1417 4SS JFE(XZP) 1£2,.1804 181

S 0148 181 XANM=,1

S. 014G X A¥=1,

SL.N180 XT1=1,

$.N151 XPA=XR&XAM

$.01582 G0 10 22

S.N182 180 XAM=12€%,
_S.N164 XPA=XR+XAM

S 0188 x11=0

S.N15¢ GO 10 32
_S."157 123 JF(XMC) 186,185,184

ALY 124 XANM=,00)

S.0159 XPA = XR+XAM

UATIA X IM=0

S.014] GO TO 22

__S.ri1g?2 186 XAM=.0NNOY

Safil1é XPA=XR+XAM e e
Sa"164 XJIM==1,

S.N145 XQ==1

_Saf146 GQ TQ 22

S.r147 186 IF{XC) 187,188,189

S.P168 1R7 XAM=,r000NN]

SL014S XPA=XR$XAM _
S.0170 XQ=0

S.C1IMN G0 1O 22

SeC172 188 XAM=,CCCO0CNDY

S.0173 XPA=XR&XAM _
Se01174 XQ=1, -

S.0°178 GO TQ 32 —
S.Q1176 186 CONTINUE _
Se0177 WRITE(6,496)

S«C178 Gg T0 9SS

Sesf179 51 _IF(XTT) 21,324,333

S.0180 24 XAM==5,

S.0114} XPA=XR+XAM

S.N182 xze=1,

S.0183 GQ _TQ 32

S2C184 22 JF(XJM) 27,3¢,35

San185 36 _XAN=-,01

S.0186& XPA=XR+XAM

$.0)87 XMC=1,

S.0188 XIP==1,

S.N18S G0_TQ 2?2

S.C190 A& _KAM==,0C01

Figure AIII,l. Splice Program (Continued)
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$.0191 XPA=XR 4+ XAM
Sa0182 XMe=0
Se01G2 GQ YO 22
S.N194 27 [F(xQ0) 38,39,4" !
Sa0195 3R _XAM=-_rCOCNY .
Sen1S8% YOA=XR+XAM ‘
50167 X0==1,
SLflgp XM ==,
SAG1SS GO 10 22
S.r2ne 1G _XAM==,NNNNANY
S.0271 XPA=XR+XAM
S.£202 xN=0
.20 GO _I0 22
Q. N3N4 LN XANM=- CPOCACNACAHYL
S N21% XPA=XR4+XAM
Salf20¢ xn=1
S,.N2N7 GO _1Q 22 :
§.0208 31 XAM==51C, !
S P20NG XPA=XR4+XAM
S.021C 32 XR=XPA
S.N211 1=1
S.N212 6 XZA=XNR{J)*XPA/XKA(I o)) i
S N2113 L0 S=0N |
S 0214 XQLA=D ;
$.0215 x7=n '
S.N21¢ XQ53=0 ;
S.0217 XR=XPA '
§.0210 XTDA=XR ;
San214 XTD=XZ4 |
§.0220 GQ 10 ec j
San221 81 CONTINUE
S.N222 [=1+1 ;
Saf223 X1D=X7D-X%X0DS !
Saf224 80 CONTINUF ‘
S.0225 XAS=X1D
Sa22¢ JEIXStI+))) 424,478,424
Sef221 _._524 CONTINLE
519228 XSD‘J(‘,” |
— SnnZ?q XPA=?QC \
—_S.022 [F(X\RP) 16%,165,10C1 !
. S."221 In”1 CONTINUE
__Sa.0272 JE(XZ~XN+1,) S61,165,165
—_SaN2212 561 _CONTINUE
S.0214 KDDL X )=XKD{T)
$.0236 XKSSLII=XKSLTY
S.0216 G010 165 |
e S,0227 428 CONTINUE !
S.0238 IELI=1) S99,426.,425 '
§.0226 425 _CONTINUE
S.0240 IE(XSIT)) 427,426,427
S 024 427 _CONTINUE
— $.,0242 XPA=0 .0
Pigure AITI.l. Splice Program (Continued) |
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&
L
e -Sef24% . _ ___XKDDLI)=XKD(T]) §o
‘.—“..S..GZA,‘:‘ e e XKSS{ T )=XKS (1) § ¥
S [245 42¢ CONTINUE 3
e SJD24¢ XPA=XASEXKA{L, ) P
S.0247 165 CONTINUE 5 3
$.0248 XDILA=XOLA+XPA%XNRE]) N 3
S.N249 XSN=X1 DA ZXKDOLT) E
SLN2&0 XS=X[ (I1}*XQP(1)+XQS :
S.0261 X0I=X0S+XQ1 4
Sa.N282 XQR=X0T=-XN0I A 3
S.02813 X3 S=XQB/XKSS(I}) .
C NIEG XN S=XRS~-XSN
AV LL X7=X7+1,
S.02864 [FI{XSTY €RC,5CR,58G
S."2587 5QR XYR=X(CS+XQP
WLFLY: XQGK=XGS
§.0288 58S CONTINLE
S 0267 £2 JE(XN=X7) 71,71 ,81
S N2¢1 BR CONTINUGE
SL1262 IE(UABS(XID(I)=XQTd~14) 72,72,857 |
S.02E3 8687 CONTINUE
S.0264 X7A=XTNA
S N2KS XDLA=XIDET)
S N2¢h XR=XRP*XKA(I[,.1)
Sa0267 I1=1
S.02¢68 XZ7B=X2A¢{ XD| A=XQTA} *{X7A-X7R) /{XCIB ~XQTR-XD) A¢XCTA)
S.N"2£9 XPA=XKALT . J)x({X7R)
S.N270 IE(X7R~X7A) S5,959,55
S L2710 71 t=1
§.0212 ¥OTA=XQT
S.0273 1E(XQT) 233,566,238
§.N274 273 _[F(XDLAY 2N08,2N16,2004
S.0218 2004 GG IO §Y .
S 276 2nee TE(XDLAZXQT = .75) §1,53,2007
S.N277 2007 IF(XDIA/XCT = 1.0) S3,53,49
S.N278 229 [F{XDIA) 2NCE,2NCR,2NNG
S.0219 orea GO IO 49
Sal280 200G 1E(XDLA/ZXQY = ,75) 45,513,271
S0 221 2r1 7~ TE(XDLAZXQY «- 1.0) 53,53,51
SanN283 52 CONTINGE
S.2R1 XPA=XR4+XAMZLIO,
§ 0304 124 XT7R=XNR{I)*XPA/XKA(],.))
S N288 c& _XIQ=X78
D284 XR=XPA
S.0287 DS=0
SeN2889 XD p=0
S 0286 xZ=0
S.02400 XQS=0
S.r0261 GQ 10 e4
S.0292 25 CONYINUE
$. 02973 1=+
$.0294 B4 XID=XID~XDS
Figure AIII.l. Splice Program (Continued)
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Flgure AIIT,1, Splice Program {(Continued)

< _N2G8 XAS=XID e ——
S N29% LE(XS(I)) 415 4] 8,419
$.0297 415 CCNTINUE )
$.0294 XSSPLI)=xID J
S.02%8% _XSp=0.0 L ,
S.37¢ xpp=0,0¢ B :
WL GC 10 265 -
Sar2n2 418 CCNTINLE . ]
g.0201 XPA=XAS*XKA{L i) __
S.r204 265 CONTINGE
§.n1nE XDLB=XDLB¢ XPA*XNR (1) o
S 306 XSD=XDL B ZXKDD (1) L
$,.0 107 XQS=XL (1) #X0" (1 1+ XQ5S .
S.n213 XQT=XQS+XC] .
Saf20¢ XQR=XQ T=XDLB
S.0310 XBS=XQR 7 XKSSLI}
S.0211 XD S=XB S=XSD
S 0112 X7=X2+1, .
! $.0213 87 CONTINUF !
| S.r214 IE(XN=-X7) 104.]04,85
‘ S.0716 1r4 CONTINGE
! S.021€ XQI8=XQT _ :
1 S 217 XPR=0 -
; S.n31p X7=1 f
S.n219 1=1
S 0220 XLD(1)=0
S.0271 XQ3=0
S N227 X5 S=0
< .N222 Xy=n
<0224 XP1=0
WY XVE=XP.
; C 0224 X4Ui=0 —
, $.0227 x0=0,0 -
! 2 1 = -X0 * - A~ - +XQT
ﬁ S.022¢ XICA=XTD
~ S.021n 127 XRP=XTDA
f S.0231 GO _T0_8¢
! San222 74 CONTINLE
3 S.0237% I=1+1
f San324 X1D=X1D=XDS
: $.0215 56 CONTINUE
I S."23¢ XAS=XTD
) g r227 TE(XS(1)) 4CQ,408,40G
* S.C338 405 CONTINGE
§ S.r23g XAP(§)="ar
S 0240 XSSP 1)=XTD
c,.0741] WI=(DARSEXTD)-XS(1))/DARSI(XTD)
S,.042 IF(WT) _285.29C 36
S.0243 38G CONTINLE
I S.0244 WI=0. 0
§ $.N245 GC 10 232
|
i
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S, NG44 36r CONTINLE

Sef247 WY=ARS{WT)

S.L348 [E{WT=XP) 332,374,275

S, 249 375 XP=WT ,

§.r250 =1 o

§.0251 GO_TIG 332 - b

LKLY 174 COCNTINLE o
—_S.0282  ILI=] —

S.0154 GC_IQ 222 ]

S.r1255 408 CONTINLE C 3

San256 XAP(1)=XAS*XKA(] ) ;o

S.01357 XA2(1)=XTD o

S2f258 IF({RYT) A68,648,331 o]

.£25¢8 648 CONTIMLE _ - 1

S.C240 IE(XST) 627,606,599 —— b
e Se026Y .. . _9CS.CONTINLE - e e e b

SN 3£2 XPE{I1=C —

LT S37_CONTINUE e m
——3.03f4 XYZ=XAL(L JV=ARSAXRPECLYY .

S .N124S w —IE(DARSIXYZI=-DABSL{XADILL) ) 3NAK 206,331 ——— ..

S.026¢ 3rE WI=DABS(XYZ/ZXAPLT)) e -

S.0267 WS=XP ———— e

S.0268 Wiz=le=WT O —

SL,02£G IE{_WI=WS) 221,306,308 . -

S, 0270 306 _CONLINLE -

S.nra7y Lil=1

SL312 IK=2(1) —

Sen2722 Xul=1.

S.027¢ GC_10._332

S.r318 e {[=1]

S L31% YK=2(1)

S.£317 XUT==1,

S.C278 Xpi=1.

S.027¢ XP=DARS(XYZ/ XAP(1])])

§.0280 XP=],=%XP

S.0391 GC_,I0_222

S.0282 121 _CONTINUF

S.02801 232 IE(I=1) 180,775,15¢C

Su.P2E4 775 XID(1)=XAP(I) % XNR(T})

S.0285 GO_10_800

S.0204 250 XI0(I)=XIN{I-1)¢XAP{T) #XNR(T})

S.n287 arc_CONTINUE

S.c288 XxSO=XIDCI)/ZXKOD(T)

S.0389 XQS=X1 (1)¥XQN{I1)+XQS

§.0360 XQI=XQS+XQI

S.0261 XBQII)1=XQT=XiD{1)

$.02G2 XBS=XBQ(I)/ZXKSSLI)

S.03G2 XD S=XB S=XS0

S.n3c4 XZ=XZ+1.

$.0266 420 IE(XN=XZ) 102,102,74

S.C0256 103 _CONTINLE

S.r357 421 XQTA=XQT

Figure ATII.1. Splice Program (Continued)
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S.I 2GR LELDABSLXID(T) ~XOT)-CARBS(. N1 *XAP(T})]) 72,72,88
S.nG¢G 12 _CONTINUE
S.r4nn [E(XSLII)*1r0N, )} 48] ,4R2,48])
S.r471 421 CONTINUE
C . r4en” x<<prgy=r_nr
. Saf4ra XLI=N,0
S 04rg ¥<(iry=r
Sar40§ XKCDL T 1)=XKD(T])
Safgnk XKSSCIT)=XKSEIT)
S.7e"? IF(II-1) 47G,4F2,67G
S.0608 476 CONYINLE
S.040¢C XKOD([I-1)=XKD(I]-1)
_Saf6ir CXKSSEIf=1)=XxK (II-1)
SLra 482 CONYINUE
S.7412 IF(XSCITI)*1IrCg,) 615,422,516
AR K 1S _CONTINUF
SaN41 4 X<{[frjy=2,r
8.8 8 xSSP(fily=n,n
AL XKCRCIIT D =XKD(II D)
SeN617 XKSSCIIII=xKS(II])
Sel4l8 XKOD(IT=-1)=xKD({III-1)
Saf4165 XKSSCIIN=1)=XKS(IT][-1)
S.0420 422 CONTINUE
S N421 XPz=1.=XP
Saf422 RO _100¢ J=1,N
S 0423 XS{I)=XS{I)=DABS(XSSP(I)*XP)
em2a 0024 100 CONTINLE
. Saf4?2s e IE(RYT) IN,7r .35
—— S.f426 _____TC _CCATINLE
Se0427 .. JE(XP) 28G,20(C,38¢
—Sef428  _ 3CC XP=1,
_Sef62¢  ___ 35S JCNTINLE
Se 63" =
Sopl‘?‘ . X7=1.
—Sef432 . [F{XSY) 727,717,699
e Sef632 77 CONTIMUE
e Sef424  _IF(RYT) 70,778,737
Sef428 7rA CCAYJINLE
SeNG26 GC TO 13¢
S20417 7728 I=1+1
S.0438 73¢ CONTINLE
Saf428 X9(])=r
Safa4e xpD{Ia=¢
Sa"44) XTO{ 1)=0
S.0442 XPF(I}=0
S§af44? IF(N~1) 656,734,135
S n&4s 724 =1
SeN645 GG Y0 727
SaP44k 65 CONTINLE
S.N447 1=1+1
9a00648 XZ=X2+1,
$:0449 727 CONTINLE

Figure AIIY.1, Splice Program (Comtinued)
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.048" XOK(L) =XQ (1) *XP + XQK(I)
— S.t4fY _XDE(I=XP*XAP(IV+XPF (I}
ALY XD{ I =Xt DI *XP+XD(T)
S 4E2 XB{I)=XRGC(I)#*XP+XR{])
S.rg54 XTQEI)=(XRQ(I)+XLD(I) ) *XP+XTC(])
S.0455 XBO(I)=XTO(Y)=XD{1)
San65k X{RrRp=n,0
Se"457 IF{XN~XZ) 207,37 ,6F
Saf458 21 _CONTINCE
$.7458 [F{RYT) 488,4FE5,486
SWl4ET 486 CONTINLE
Sal4£1 L _1Ie=xTQ41)
—_Sal4t2 [ELITQ) 4c°n,302,400
Q20442 488 CONTINUE
Q. l4k4 [YE=XYR
Safaks TIC=XYQ(1)
SalbhA 711 CONTINLE
SeNGET IE(IYR=ITQ) ECS,302,40C
S 46R 8r6 ABC=1ABS(IYR-1TQ}
Sa4kS [F{ABC=,00NP 1 XXYR] 202,302,205
SL7a1n ar? (=1
Ser471 GC 10 3rs
Se0412 66R CONTINLE
ARE xI=11
S.N4T4 WRITE(€,27G}
Sal41s WRITE(EL39) X1 XTQ(I)
Saf4 76 GO 10 202
S.0417 3r2 J1=1+1
Set678 X7=X7+1,
—SafG19 GO_T0 410
S %R0 3°4 WRITE(6,17)
Sf431 WRITE(£,1€)
SeN482 XZ=1,
§,f4upn 410 CONTINLE
___Sef4a84 WRITE(6,16) XZ , XNR{T) XKAC(T  J) oXPE{T) o XOCI) XKO{T),XTOS
YXB{T) o XKS(T)
e Sahgas IE(XN=XZ) 9¢6,56G,3(3
~ . S.n484 ALS XP={ XYR=XYC (L)) /XYR
S.0487 X7=1,.
Q.r48p 1=
— SaC4Bc _ 6010 731
S 46N G9¢ COANTINLE
SL.rna9l IE(PIA) GE0,GAC,Q70
S.r492 gar CONTINUE
Saf49a IE{AKP=ANP) G80N,G651,65)
S.04GY S5l _CONTINUE
—.SeLac8 .. SICPp
AT END

Figure AIII.l. Splice Program (Concluded)
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e veaed 8

e e - 30300000, (10300200, - s o e e e i e i

- 75.). -~ e e e A SRR A WA n e ———
Lol 3072 1.38 1.0 2102 2468 el 120
NS P + 1 022 1e38 - 1.0 107 2a88 .. el ... 1a0_
I 1 £072 1,38 1.0 £ 102 2488 .. . _a001_. __1s0
SRRV N ¢ BRI ¢ i 771 1438 1.0 8102 288 e 8001 140
e D 072 1438 1.0 2107 2488 2001 is0
1.0 0712 21429 1a0 0102 2453 w301 1.0
SRR, 1 ¢ o172 = 1,38 1.0 2107 - IPY . 1 ST X ¢ 1 ¢ 2 N A Y ¢ S
140 J0712 1,38 1.0 o102 PaBB e W00 140
1oL 072 _1.38 140 .102 2488 s W I S
10 0722 1a38¢ 1a0) 2102 _ 2438 ) la0 _
140 072 1e38. 1.0 +102 _2.88 2001 tali: i
o 2072 1.38 1.0 2102 2435 2001 140 ;
1,0 072 1438 1.0 o102 7 283 2000 Lad .
1.0 012 1438 1.0 2107 2iB8 2007 1Al __
1,0 072 1.38 1.0 4102 288 2001 100
150 D72 1,38 1,0 o102 _ 248 001 1.0
1.0 072 1438 1,0 102 288 2002 1a0_
1.0 o172 1448 1,0 107 2488 0010 iel}
1.0 J072 1438 1.0 £ 102 2 48R .00} Laf)
140 J172 1.38 lall 102 2 .88 2001 ia2
D0 - ;
0.0 < }
0.40 '
0,0 . - ,
0.0 ‘
[0 - : :
040 B .
o . *
{}-af) N _ . 4
0.0 ‘
Q)
0,0 H
0.0 —_— }
040 - =
Da0 ‘
040 A :
0,0 - : . 1
0.0 . ;
040 _— !
040 — .
180004a : - ,
1175004 105600, 69 {004 32000, 19200, 129004 .
117500,  1.56904 B070C. 320004 19290, 12200, 3
117505 106600, 60700, 32000, 1020G, 12900, ¥
1175.04a 15800, 6970, 320004, 19200, 1290C, !
- 117500, 106400, 69700, 22100, 19700, 12900, {
Figure AITI.2 Splice Program Input Date g
i ;
H *
180 t "
i
}
¥ '
] 2 :
M o e nie s o bt o e eeae o o e 3

|




